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Accelerating discovery and deployment of advanced material systems requires moving 
away from traditional sample prototyping, testing methods, and microstructure characterization 
techniques. In addition, the hierarchical multiscale structure of advanced materials holds the key to 
improving their performance characteristics. In order to understand and characterize microscale 
constituents, and length scale effects, novel high throughput approaches are necessary to explore 
mechanical responses from nano to meso, and macro scale. Several different techniques exist for 
testing materials at small length scale, including, microtension, micro-pillar compression, micro- 
bending, and nanoindentation. Among these, spherical nanoindentation is the most efficient and 
most reliable one. This high throughput mechanical protocol is capable of capturing local 
mechanical responses at different length scales in polycrystalline metals in the form of indentation 
stress-strain curves. These responses can then be correlated to local material structure using modern 
data-driven approaches.  
In this work, we are seeking two main goals. First, exploring the viability of high 
throughput experimental assays for establishing PSP linkages in structural metals, while utilizing 
small sample volumes and leveraging some of the recent advances described earlier (i.e., spherical 
microindentation stress-strain protocols and the framework of 2-point statistics). Second, providing 
detailed insights on mechanical characterization of hierarchical materials and understanding the 
underlying length scale effects in each constituent phase. For this purpose, the development of the 
protocols is extended to two advance groups of structural materials with higher levels of 
microstructural complexity, one represents multiphase polycrystalline group and the other 
represents composite materials. The multiphase polycrystalline were chosen to be dual-phase (DP 
steels) where both existing phases, martensite and ferrite, are crystalline but different crystal 
structures. The composite material is a Ti-based bulk metallic glass matrix composites (BMG-MCs) 
in which dendrites of a crystalline phase exist in a matrix of amorphous phase. We have selected 
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these alloys in this dissertation because of their importance to several advanced technologies, owing 
to their excellent combination of high tensile strength and good ductility.  
The work will have a profound impact on speeding up the process of developing new 
structural materials by reducing the time and energy spent in mechanical characterization at 





Chapter 1 Introduction 
A great deal of attention in materials innovation is now focused on the accelerated 
deployment of advanced materials in commercial products [1-6]. An important strategy for 
realizing this ambitious goal is the development, validation, and adoption of high throughput assays 
for rapid exploration of the extremely large materials and process design spaces involved. Indeed, 
significant effort in recent years [7-21] has been aimed at extracting high value (most useful for a 
selected application) process-structure-property (PSP) linkages [22-34] using a variety of 
approaches (including multiscale experiments, multiscale models, and data analytics).   
1.1. Structural hierarchy in advance materials 
Most structural materials have microstructural hierarchy that can be manipulated by 
undergoing different processing steps to improve their performance in order to be used in advance 
applications. The term microstructural hierarchy refers to existence of different salient 
microstructural features at different length scales, starting with arrangements of atoms in each 
constituent phase, different types of lattice defects, and the arrangements of constituent phases 
(volume fraction, size, distribution, orientation relationship). A good example of hierarchical 
microstructure can be seen in dual phase steels known as DP steels (illustrated in the Figure 1.1). 
The illustration shows levels of structural hierarchy from arrays of atoms in unit cell, the dislocation 
network formed within lath martensite, different morphology of martensite (laths, blocks) that 
results in different types of interfaces, and finally a mixture of ferrite and martensite phases at larger 
length scales. These microstructural features at each length scales are linked to different 
strengthening mechanisms, hence the design of new alloys for better performance relies on 




Figure 1.1: Illustration of hierarchical microstructure in dual phase steels 
 
1.2. High throughput mechanical testing characterization  
Our focus in this dissertation will be on two related subjects; first on the protocols needed 
for the accelerated experimental exploration of PSP linkages in multiphase structural metals and 
alloys, and second on the size-effect investigation using the same protocol at small length scales to 
study the mechanical responses of the individual microscale constituents present in such multiphase 
structural metals. The processing histories employed on these materials typically involve a 
sequence of thermo-mechanical treatments, whereas the main properties (or performance 
characteristics) of interest are largely related to the plastic response of the material. Since one 
typically employs standard tensile tests [35] for evaluating the plastic properties of the material, it 
becomes necessary to make relatively large quantities of material samples with statistically 
homogeneous microstructures throughout the gage section (of the sample used in the tension test) 
for each combination of material chemistry and process path studied. This requirement drives up 
the cost and effort substantially, as is evident from some of the recent innovative efforts in this 
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direction [12]. In other words, if it were possible to measure reliably the plastic response of the 
material in very small volumes, it would become possible to reduce dramatically the cost and effort 
involved in rapid screening of large design spaces in material chemistry and process histories. In 
addition, it is impossible to standardized tensile tests when the mechanical behavior of individual 
constituent of a material is of interest. The procedure of sample preparation in the proposed small-
scale testing protocols, such as micro pillar testing, not only requires costly advanced tools (which 
limit the throughput of such measurements) but may also introduce damage to the material during 
sample preparation. 
Indentation has been employed extensively in prior literature [36-52] for evaluating the 
mechanical response of materials in small volumes. However, the use of this technique has been 
restricted largely to estimation of modulus and hardness. Only recently, it has been shown that it is 
possible to extract meaningful indentation stress-strain (ISS) curves directly from spherical 
indentation through a rigorous set of data analyses protocols. These new protocols have thus far 
been demonstrated mainly at the very small length scales (indentation zones much smaller than a 
single grain) [53-60]. There is, however, substantial promise for their application at the meso-length 
scales (where the indentation zone covers several grains [61]).  
1.3. Materials informatics in quantifying the microstructure 
Beyond the measurement of mechanical response in small volumes, the next major 
impediment in extracting PSP linkages in advanced structural metals comes from the lack of a 
rigorous, yet practical, framework for the statistical quantification of their rich microstructures. 
Most of the currently employed approaches [38, 45, 47, 48, 51, 62-67] are based on highly 
simplified measures such as elemental compositions, phase volume fractions, average grain sizes 
of constituent phases, and the orientation distribution function (ODF). Clearly, the number of 
distinct microstructures one can reconstruct while meeting specific targets on these measures is 
extremely large, suggesting that this set of measures is likely to be inadequate for capturing all of 
the salient features of the microstructure.  More formally, one might recognize most of the measures 
4 
 
listed above (except the average grain size) as 1-point statistics of the microstructure in that they 
do not capture the morphological attributes of the microstructure. Indeed, one can employ the more 
advanced 2-point statistics (formally called the 2-point spatial correlations) [30, 31, 68-75] to arrive 
at a more rigorous quantification of the material microstructure. However, most of the prior 
examples of the application of the framework of 2-point statistics have been limited to multiphase 
materials, with only a few focused on the application to polycrystalline materials [76-78]. The main 
difficulty of applying the 2-point statistics measures to polycrystalline samples arises from the very 
large number of local states present (for example, each distinct grain orientation encountered in the 
sample needs to be treated as a distinct local state), and the fact that the corresponding number of 
the distinct 2-point statistics is exceedingly large. In addition to being multiphase and 
polycrystalline, the microstructures of advanced alloys such as DP steels exhibit grain-scale 
heterogeneity in the spatial distribution of the dislocation densities (see Figure 1.1). Not 
surprisingly, a rigorous quantification of these complex microstructures is not readily accomplished 
with the currently available toolsets. Clearly, one needs to make suitable simplifications in order to 
establish practically useful PSP linkages for advanced structural metal alloys.  
In this work, we are seeking two main goals. First, exploring the viability of high 
throughput experimental assays for establishing PSP linkages in structural metals, while utilizing 
small sample volumes and leveraging some of the recent advances described earlier (i.e., spherical 
microindentation stress-strain protocols and the framework of 2-point statistics). Second, providing 
detailed insights on mechanical characterization of hierarchical materials and understanding the 
underlying length scale effects in each constituent phase. 
In this dissertation the development of the protocols is extended to two advance groups of 
structural materials with higher levels of microstructural complexity, one represents multiphase 
polycrystalline group and the other represents composite materials. The multiphase polycrystalline 
were chosen to be dual-phase (DP steels) where both existing phases, martensite and ferrite, are 
crystalline but different crystal structures. The composite material is a Ti-based bulk metallic glass 
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matrix composites (BMG-MCs) in which dendrites of a crystalline phase exist in a matrix of 
amorphous phase. We have selected these alloys in this dissertation because of their importance to 
several advanced technologies, owing to their excellent combination of high tensile strength and 
good ductility.  
Chapter 2 covers the background details on spherical indentation stress-strain analysis 
protocols as a high throughput mechanical characterization technique at different length scales. The 
Chapter 3 focuses on the microstructure characterization using 2-point statistics and establishing 
PSP linkages.  
Chapter 4 and 5 make following advances in multi length-scale property measurements 
and high throughput PSP linkages by demonstration of their utilities on DP-steel and Ti-based 
BMG-MCs for the first time from experimentation. Each chapter contains two sub-section. In the 
Section 4.1, the lath martensite is studied systematically at different length scales using spherical 
nanoindentation stress-strain protocols and conventional tensile testing protocol. These were used 
to measure the contribution of lath interfaces and internal C content on mechanical response of lath 
martensite. In the Section 4.2, the microindentation protocols were developed to capture 
mechanical bulk response in dual phase steel where both ferrite and martensite exist in the 
microstructure. Nine different processing paths are selected to produce different microstructures. 
The linkages for processing-structure-property were then established using data science approaches 
after the corresponding indentation microstructures were quantified by 2-point statistics. In the 
Section 5.3, spherical nanoindentation stress-strain protocols are utilized to capture mechanical 
responses of individual constituents (amorphous and crystalline) in four Ti-based bulk metallic 
glass matrix composites (BMG-MCs). In addition, the measurements have extended to 
microindentation stress-strain analysis to capture bulk property in these four Ti-BMG-MCs where 
different amount of amorphous phase exists in the microstructure. Since the deformation 
mechanisms in amorphous phase are entirely distinct from the one in crystalline materials in 
absence of long range atomic orders, the more focus will be on mechanical responses of the 
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amorphous phase from nanoindentation tests. In the Section 5.4, the microstructures of all these 
alloys are quantified by 2-point statistics, and then processing-structure-property linkages in these 
alloys are established from the microstructure quantification technique and the collected 
microindentation properties from previous section. 
Finally, the main conclusions from this dissertation and the possible future work are 




Chapter 2 Multi-length scale and high throughput mechanical characterization 
As mentioned in previous chapter, most of structural materials have hierarchical 
microstructure. These structural materials are rarely made of a single phase to achieve a good 
combination of desired properties. It is very common to select a combination of manufacturing 
processes that results in a secondary phase (or more) in the material microstructure to increase both 
strength and toughness. Identifying how the processing parameters influence the overall bulk as 
well as each individual constituent’s properties remains the main question in the material science. 
This requires different mechanical characterization methods capable of testing materials at different 
length scale. 
Given the rich heterogeneity of material structure at smaller length scales (microns and 
sub-micron), it is only natural that a larger number of mechanical measurements are needed to fully 
capture the natural variance in these measurements. This is because the material microstructure is 
inherently heterogeneous (with variations in local features such as phase/precipitate size and shape, 
grain orientations, grain/phase boundaries, dislocation densities). Therefore, it is essential to 
develop assays that allow sampling of a large number of mechanical responses in advanced 
materials at the lower length scales within reasonable effort and cost. Only then, it would be feasible 
to confidently assess the mechanical responses of the material at hierarchical length scales, and 
explore systematically the underlying length-scale dependent correlations in these measurements. 
The currently employed characterization protocols have limitations in mechanical testing 
of very small volumes (submicron). First, many of the sample preparation techniques introduce 
some form of surface damage [79-88]. Since it is often difficult to correct the measurements for the 
presence of the damaged surface layer, the reliable extraction of intrinsic material properties from 
these tests becomes a significant challenge. Second, there is a strong interest in estimating the 
properties of the individual microscale constituents present in the microstructure. Since these 
constituents (e.g., single phase/grain regions) can be as small as few nanometers and they may 
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exhibit irregular shapes, it is not easy to produce samples with standardized geometries that allow 
an estimation of their individual properties using already established analyses protocols.  
Recent advances in instrumented indentation offer a promising avenue for addressing many 
of the limitations described above. Taking advantage of the impressive resolutions of modern 
nanoindenters in measuring load, displacement, and stiffness, our research group has developed 
and demonstrated novel protocols [57, 89] that are capable of extracting meaningful spherical 
indentation stress-strain curves by tracking the local mechanical response from the linear elastic 
regime to the elastic-plastic regime with small amounts of plastic strain.  These protocols have been 
validated on a broad variety of materials systems and length scales ranging from about 50 nm to 
about 500 µm to study the contributions of the local deformation [58, 59, 90, 91], the composition 
[92], and crystal orientations [56, 58-60, 91, 93] on the local mechanical properties. The 
measurements at the bigger length scales were performed in an instrumented microindenter with 
customized test protocols [94, 95]. In addition to recovering the mechanical responses in the form 
of meaningful indentation stress-strain curves, protocols have also been developed to extract 
intrinsic material properties from these stress-strain curves [96-98].  
2.1. Indentation testing 
Among various methods exist in mechanical testing at the macro and nanoscale, 
nanoindentation and micropillar testing are the most common ones. However, the micropillar 
testing has its own disadvantages. First, it requires highly sophisticated facilities (e.g. FIB and 
etching) that make this method not a time and cost effective protocol. Second, it has been reported 
several times that these preparation techniques either are not applicable to all material or they 
introduce some damage to the material during fabrication and as a result alters the materials 
mechanical responses. On the other hand, nanoindentation becomes more attractive due to simple 
equipment and sample preparation procedures. 
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Even though, indentation method has been utilized for about a century [99], the recent 
advances in instrumentation and analysis have turned it into a high throughput method and hence 
become very attractive to multi-scale measurements. Additionally, In contrast with traditional 
mechanical testing methods (e.g. tensile, compression) where large quantities of a materials need 
to be prepared and processed in order to obtain few mechanical data points, the indentation testing 
can provide results from a small volume of a material and therefore several tests can be performed 
easily on a small single sample. Compared with other testing methods, the sample preparation for 
indentation test is the same as conventional metallography procedures. In other words, once a 
sample is ready for microstructure characterization, no extra effort is required to obtain indentation 
results. An example of time and cost effectiveness in using high throughput protocol can be found 
in [100] summarized in the Figure 2.1 where aging process of aluminum 6061 was studied using 
both conventional tensile and high throughput (microindentation in conjunction with a sample 
library) testing protocols. For conventional method, 3 different aging temperatures were chosen 
and after sample preparation and heat treatment, 3 tensile tests were performed in accordance with 
ASTM Standard E8-13a [101]. In the high throughput method, a single bar was heat treated such 
that a gradient of temperature is applied along its length. This way, a sample library was produced 
and its mechanical properties were obtain using microindentation on the middle section after 
polishing. For the purpose of comparison, the time spent in each method were recorded starting 
from as-received material. Both methods show very similar results, however, because of the 
thermal gradient applied on the sample in the high throughput method, we were able to investigate 
28 aging temperatures by the microindenter in a single sample. The comparison between two 
protocols shows that the high throughput method is more efficient compared with the conventional 




Figure 2.1: Time and money saving by utilizing high throughput techniques 
 
2.2. Nanoindentation testing protocols 
As was mentioned earlier, a large area on the sample can quickly be prepared using 
standard metallography procedure and that provides large enough surface to conduct many 
indentation tests depending on the tip size and geometry. There exist several types of tip geometries 
in testing protocol: spherical, three-sided pyramid (Berkovich), wedge, cube corner, four-sided 
pyramids (Vickers), etc. Among these tip geometries, only spherical tip is capable of providing 
elastic and elastic- plastic transition and plastic responses of the studied materials (this will be 
expanded ion next section). Using other geometries, the tested materials start deforming even at 
small indentation depth and load because of high stress concentration at the sharp indenter’s tip 
(see Figure 2.2). The other differences in the sharp tip protocols related to the analysis. Most of 
these protocols reporting hardness as a measure of material resistant to deformation at large strains 
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where the hardness value is calculated as a normalized maximum load in indentation by the 
indentation impression area measured after the load is removed. This measured hardness value is a 
single point as an effective stress and very sensitive to the indenter shape, size, and the imposed 
load level which make the hardness data a comparative measure of material strength . In modern 
instrument, the indentation device is equipped with continuous stiffness measurements (CSM) that 
eliminates the necessity of unloading in order to measure elastic modulus and hardness. 
Nevertheless, only spherical tip in new indentation instrument is capable of capturing property 
information of the virgin material (without plastic deformation).  
 
 
Figure 2.2: Schematic of comparison between sharp and spherical indentation. The indentation load-
displacement responses for both and their corresponding effective stress-effective strain 
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2.3. Indentation Stress-Strain analysis protocols 
Despite all advantages of indentation, the analysis of the data is not a trivial task because 
of a highly heterogeneous stress field (as oppose to uniaxial stress state in micropillar testing) exists 
under the indenter. Many efforts have been made to calculate an effective stress in indentation 
testing by normalizing the applied load on the area of the indentation. In following some of these 
approaches are summarized. 
The first standardized hardness test was proposed by J. A. Brinell in 1900 [99]. It uses a 
hard ball as an indenter and the applied load changes from a weight of 0.5 or 3000 kg. The 
indentation is applied on a standard time (30 seconds) and then the Brinell hardness (BHN) are 






where D, d, and t are diameter of the ball, diameter of the indentation, and the depth of the 
impression in millimeter respectively. Meyer [102] suggested that the mean pressure between 
indenter and ample surface is equal to the applied load to the projected area of the indentation. And 
this mean pressure is referred to as the Meyer hardness: 
 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐵𝐵𝐻𝐻𝑀𝑀𝑑𝑑𝐻𝐻𝑀𝑀𝐻𝐻𝐻𝐻 =  
𝐿𝐿𝐿𝐿𝐻𝐻𝑑𝑑





There exist other protocols for indenters with pyramidal geometries. Vickers and Knoop 
protocols use a square-base diamond pyramid and are defined by the applied load divided by the 
surface area of the indentation. In practice, a microscope is used to measure the lengths of the 
diagonals of the indentation and then, the Vickers hardness number (VHN) is expressed as: 
 𝑉𝑉𝐵𝐵𝐵𝐵 =






where θ and 𝐿𝐿 are the angle between faces of the diamond (136° for Vickers indenter) and average 
length of measured diagonals (mm) respectively. As one may notice all these protocols depend 
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heavily on personal experience in measuring indentation impression using a microscope. To 
overcome this issue, Rockwell hardness was introduced which uses indenter depth under a constant 
load as a measure of hardness. Applying an initial load of 10 kg followed by the additional load 
minimized the effect of surface quality in the Rockwell hardness testing. The penetration of the 
indenter when the second load is applied is taken as a measure of hardness. Nevertheless, in this 
protocol the measured hardness value is still depends on the applied load. One reason for this effect 
is related to the hardening process of the materials under the indenter as a result of plastic 
deformation.  
2.3.1. Tabor’s ISS protocol 
To eliminate applied load and indentation depth effect, Tabor suggested running spherical 
indentation at different load levels and plot all together [103]. He selected copper and steel that 
have different hardening rates and utilized the Meyer protocol in hardness measurements. Then he 
plotted the measured hardness values respect to a non-dimensional parameter of 𝑑𝑑
𝐷𝐷
 where 𝑑𝑑 and 𝐷𝐷 
are the diameter of the indentation impression and the indenter respectively.  The resultant curve 
from this approach is very similar to the stress-strain curves from uniaxial test. Then Tabor 
performed uniaxial compression tests on the same materials and showed a very good agreement 
between indentation hardness plot and the uniaxial curve by applying scaling factors of 2.8 and 0.2 




Figure 2.3: Tabor’s plot showing the changes of indentation pressure with the ratio 𝒅𝒅 𝑫𝑫⁄  for mild steel and 
copper as red points. The solid curves are scaled uniaxial compression results. 
 
2.3.2. Field and Swain’s ISS protocol 
One may notice that Tabor’s approached requires conducting multiple indentation tests at 
different depths and locations in order to build an indentation curves. In addition, Meyer’s protocol 
is used to calculate the indentation hardness by measuring the residual indentation impression 
which highly depends on personal experience. With advances in instrumentation, continuous 
recording of load and displacement values become possible with high accuracy and therefore a 
different analysis method is needed. Field and Swain [104, 105] developed a protocol that contains 
multiple unloads to 50% of maximum load and uses Hertz Theory [106] to analyze the unloading 
segments. Hertz theory [106] provides the relationship between the indentation load (𝑃𝑃) and the 
elastic indentation depth (ℎ𝑒𝑒) based on the effective modulus (𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒) and the effective radius (𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒). 
15 
 
The theory was defined for contact between two isotropic, elastic, frictionless contact of 

























 𝐻𝐻 = �𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒 (2.7) 
𝐸𝐸𝑖𝑖  , 𝑣𝑣𝑖𝑖 and 𝐸𝐸𝑠𝑠 , 𝑣𝑣𝑠𝑠 are Young’s modulus and Poisson ratio for the indenter and the sample, 
respectively. The 𝐻𝐻 is the contact radius at each level of indentation using which Field and Swain 
define the indentation stress and the indentation strain as it was defined by Tabor: 
 𝜎𝜎𝑖𝑖𝑖𝑖𝑑𝑑 = 𝑃𝑃 𝜋𝜋𝐻𝐻2⁄  (2.8) 
 𝜀𝜀𝑖𝑖𝑖𝑖𝑑𝑑 = 𝐻𝐻 𝑅𝑅𝑖𝑖⁄ = 𝑑𝑑 𝐷𝐷⁄  (2.9) 
As it was mentioned, several unloading is needed to complete an indentation stress-strain 
curve. In new instrumentation with CSM (continuous stiffness measurement) a small oscillatory 
signal (many unloads) is superimposed on the monotonic loading sequence. With this new 
technology, Oliver and Pharr [107, 108] defined a similar contact radius as Field and Swain as: 
 𝐻𝐻 = �𝑅𝑅ℎ𝑐𝑐 − ℎ𝑐𝑐2 (2.10) 
where ℎ𝑐𝑐 is the contact depth determined from the unloading stiffness, 𝑆𝑆: 






The contact radius 𝐻𝐻 from both Equations (2.7) and (2.10) are the same in the elastic 
regime. Once plasticity occurs, these two equations yield to different values. Similar approaches 
were taken by Basu [109] and Herbert [110] in which CSM measurements were used instead of 
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partial unloading. All these approaches also using similar definition for indentation stress and 
indentation strain as indicated in Equations (2.8) and (2.9) respectively. 
2.3.3. Kalidindi and Pathak’s ISS protocol 
In the previous indentation stress-strain analysis protocols the obtained indentation curves 
elastic regimes is not very clean and a high amount of noise exists at the beginning of the curve 
mainly because of an error in surface detection in current devices (see Figure 2.4). In non-CSM 
devices, the surface detection is done by the changes in the slope of load-displacement data. In 
CSM machine, various signals are checked for finding the first contact including, the harmonic 
contact stiffness (𝑆𝑆; the same as the elastic stiffness defined earlier), the harmonic load, the 
harmonic displacement and the phase angle. The one that shows an abrupt change upon initial 
surface touch is used as the surface detection criteria. Finding the initial contact is very crucial in 
estimating contact radius that later is used to calculate indentation stress and indentation strain 




Figure 2.4: The measured load–displacement curve (a) is shown from a tungsten sample. The corresponding 
indentation stress–strain curves (b) are extracted for the case when the zero-point established by the machine 
(C1) and when the effective zero-point (C2) are determined using Kalidindi and Pathak’s protocol. In the first 
analysis, an unexplainable spike appears in the initial elastic loading portion of the curve while the new method 
results in a much better indentation stress–strain curve. 
 
In Kalidindi and Pathak’s ISS protocol [89] the analysis contains two steps. First step is 
accurately finding the effective point of the initial contact (zero-point correction) which is crucial 
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in order to deal with any artifacts at the initial contact caused by imperfections in indenter shape or 
unavoidable surface conditions such as oxide layer and roughness. The second step is extracting 
indentation stress-strain curves from the corrected data using new definition for indentation stress, 
𝜎𝜎𝑖𝑖𝑖𝑖𝑑𝑑, and indentation strain, 𝜀𝜀𝑖𝑖𝑖𝑖𝑑𝑑. 
In the first step, the initial contact point (zero point) is determined by finding load and 










where 𝑆𝑆 is the elastic unloading stiffness from the CSM, ?̃?𝑃 and ℎ̃ are the load and displacement 
from the machine zeroed data. To find values of 𝑃𝑃∗ 𝐻𝐻𝐻𝐻𝑑𝑑 ℎ∗, Equation (2.12) is rearranged to the 
following format and then and solved by linear regression between 𝑃𝑃� − 2
3
𝑆𝑆ℎ�𝑒𝑒 and 𝑆𝑆. Examples of 
the linear regression analysis to identify the correction values from spherical indentation on a pure 







ℎ∗𝑆𝑆 + 𝑃𝑃∗ (2.13) 
 
Figure 2.5: The identification of the effective zero-point by using linear regression between 𝑷𝑷� − 𝟐𝟐
𝟑𝟑
𝑺𝑺𝒉𝒉�𝒆𝒆 and 𝑺𝑺 that 
make the data consistent with Hertz’s theory [89]. 
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Once the correction values of  𝑃𝑃∗ 𝐻𝐻𝐻𝐻𝑑𝑑 ℎ∗ are found, the effective modulus can be 
determined by a linear regression of Equation (2.13) between 𝑃𝑃 and ℎ3 2⁄ . Please notice that the 
Equation (2.4) is valid for the initial elastic loading data where the total displacement,ℎ, is equal to 
elastic displacement, ℎ𝑒𝑒. In addition, the effective radius in Equation (2.6) is the tip radius since 
the sample surface is flat at the initial contact. 
 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑅𝑅𝑖𝑖 (2.14) 
 𝑃𝑃 = 𝑃𝑃� − 𝑃𝑃∗ (2.15) 
 ℎ = ℎ𝑒𝑒 = ℎ� − ℎ∗ (2.16) 
After plasticity occurs the total displacement is the summation of elastic and residual displacements 
defined as: 












3 + ℎ𝑟𝑟 (2.17) 
Also 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒 needs to be determined since the sample surface is no longer flat. The contact 
radius (𝐻𝐻) at any point still can be calculated using Hertz’s equations by analyzing the unloading 





Both harmonic contact stiffness, 𝑆𝑆, and the contact area radius, 𝐻𝐻, evolve continuously with 
increasing indentation load/depth. But the effective modulus which was measured from initial 
elastic loading remains constant. With accurate estimation of contact area radius, Kalidindi and 










In their work, using the finite element simulations, they showed that the size of the 
indentation zone approximately extends to a depth of about 2.4𝐻𝐻 with a span of 2𝐻𝐻. This provides 
more physical meaning to the new definition of indentation strain as equivalent to compressing a 
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cylinder with a diameter of 2𝐻𝐻 and a height of 2.4𝐻𝐻 (as an initial length) by total indentation 
depth,ℎ𝑡𝑡 (as of change in height). With this definition the Hertz’s equations can be re-cast as: 









Following this new indentation analysis in finding zero-point correction and using new 
definition of indentation stress and indentation strain, the analyzed results in a very reasonable 
looking indentation stress–strain curve shown in Figure 2.6. As one can see in this figure, the 
indentation elastic modulus, the indentation yield strength, and the indentation work hardening rate 
can be extracted from each measured indentation stress-strain curve. To determine the indentation 
yield strength, a small offset is required to find the initial flow stress insensitive form testing 
parameters. Similar to uniaxial testing protocol, a 0.002 plastic strain offset was employed to 
identify the indentation yield strength. This small offset is very useful eliminating uncertainties 
defining the initial flow stress in indentation stress-strain curves with absent of pop-ins. In the case 
of existing pop-in on indentation stress-strain curve, a different approach is used which will be 
explain in next sections. The indentation work hardening rate was extracted by fitting a line to the 





Figure 2.6: schematic example of indentation stress-strain curve from new analysis protocol 
 
2.3.3.1 Indentation pop-in 
In load control indentation tests, a feature called pop-in event occurs in loading. This 
phenomenon is an increase in penetration depth without any major increase (a sudden jump in 
displacement) in the applied indentation load. Pop-in phenomena has been studies in numerous 
studies: in well-annealed and large grains in the absence of dislocation source in the primary 
indentation zone (incipient pop-ins) [91, 111-113], at the vicinity of grain boundaries (GBs) where 
dislocations can be absorbed, transmitted or nucleated when there is a GB/interface exists in the 
primary indentation zone (GB pop-ins) [113-119], in the materials that show TRIP [120-122] and 
TWIP [123, 124] effects during which phase transformation or change in crystal orientation occurs 
in the primary indentation zone, in amorphous materials where localized deformation happens by 
forming shear bands [125-127] or severe deformation leads crack formation in low-symmetry 
crystals [128, 129]. An example of incipient pop-in events is presented in the Figure 2.7 showing 
two tests collected from the same grain orientation in a pure titanium sample. The green plot is the 
test after vibro-polishing and the black one is the same sample after electro-polishing. This example 
shows that incipient pop-in events can be suppressed by introducing very small deformed layer as 
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a result of mechanical polishing. The stress level that can be reached before an incipient pop-in has 
been estimated to be the theoretical limit of the material (𝐺𝐺 2𝜋𝜋⁄ , where 𝐺𝐺 is the shear modulus) 
[130-136]. In these studies, also it has been reported that no pop-ins or small pop-ins are observed 
when larger indentation tip is used. This corresponds to higher chance of existence of 
dislocation/dislocation source in the primary indentation zone. The incipient pop-ins are very large 
that can be detected easily on the load-displacement curves (10-100nm displacement burst). As one 
can see, the stress-strain plots for both tests become very similar after the pop-in.  
Other types of pop-ins have different mechanisms of formation. For example, grain 
boundary pop-in is observed in indentation tests conducted in vicinity of grain boundaries [113-
119]. It is generally believed that these are caused by the pile-up of the dislocations produced in 
the primary indentation zone at the grain boundaries and their eventual transmission through the 
grain boundary. The characteristic of this type of pop-ins are much smaller displacement burst as 




Figure 2.7: Pop-in events when a Ti sample is fully annealed vs some damage introduced to the surface during 
polishing 
 
2.3.3.2 Size effect in ISS protocol 
Large number of studies are investigating size effect phenomena observed in indentation 
testing. In most them higher hardness measurement at smaller indentation depth [137] or smaller 
(sharper) indenter tip [138, 139] is reported. The higher hardness values from shallow indentation 
have been related to a higher number of geometrically necessary dislocations (GNDs) because of 
large strain gradient under the indenter tip [137, 140]. Main sources for the observed high hardness 
values at small indentation depth have been reported to be related to the testing protocol and the 
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sample surface quality from polishing preparation which result in errors in estimation of contact 
area and the point of initial contact [139]. 
Using Kalidindi and Pathak’s indentation stress strain analysis protocol, no size effect was 
observed for indentation yield strength. In this protocol, in case of occurrence of pop-in, back 
extrapolation of the post pop-in indentation stress-strain data is used to define indentation yield 
strength. Number of studies using indenter tip radius from range of 10-100 𝜇𝜇𝜇𝜇 verify the accuracy 
of the back-extrapolation method [55, 58, 60, 92, 141, 142]. An example of using back 
extrapolation on post pop-in method is illustrated Figure 2.8. The figure shows two spherical 
indentation stress strain curves obtained from different tip radii, 100 µm (blue plot) and 16 µm (red 
plot) on a pure Ti sample. Tests were conducted on the same grain (same crystallographic 
orientation). As can be seen, smaller indenter tip results in a pop-in on the plot. To determine the 
indentation yield strength, a 0.2% strain offset is used on the indentation curve obtained with 
100µm tip radius (Figure 2.8 (a)).  In the case of 16 µm tip radius, the indentation yield strength 
for the test was determined from back extrapolating the post pop-in ISS data to a 0.2% strain offset 
(Figure 2.8 (b)). Using this method, the back extrapolated yield strength and a 0.2% offset yield 




Figure 2.8: In the ISS analysis method, in the absence of pop-in (a), the indentation yield strength (𝒀𝒀𝒊𝒊𝒊𝒊𝒅𝒅) is 
defined by 0.2% strain offset. In the presence of pop-in the back extrapolating the post pop-in ISS data to a 
0.2% strain offset is used to determine the indentation yield strength (𝒀𝒀𝒊𝒊𝒊𝒊𝒅𝒅). Taking this approach makes ISS 
analysis protocol insensitive to the indenter tip radius (c). 
 
2.4. Microindentation stress-strain protocol 
As mentioned earlier, most of the prior work on indentation stress-strain curves has been 
focused on evaluating the plastic response at length scales that were significantly smaller than the 
grain size [53, 55, 56, 58-60]. In order to characterize mechanical properties of hierarchical 
materials we need to have a tool capable of collecting mechanical properties at different scales. 
This can be simply done in spherical indentation tests by changing intender tip radius as illustrated 
in Figure 2.9. However, increasing tip radius required higher load capacity on the instruments. The 
current nanoindentation machine used in this study has a load capacity of 10𝐵𝐵. For larger tip radii 
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(referring as microindentation), a device with higher load capacities is required. For this purpose, 
we utilized a customized Zwick-Roell Z2.5 hardness tester with maximum load capacity of 
2,500 𝐵𝐵 and two sizes of tungsten-carbide spherical tip with radius of 500µ𝜇𝜇 and 6,350µ𝜇𝜇.  
 
 
Figure 2.9: Spherical indentation with different indenter tip radius can measure mechanical properties at 
different scales from sub-grain to multi-grains. 
 
One limitation of the current high load capacity indenter is the lack of CSM measurements. 
As described in the previous section, the conversion of load-displacement plot into indentation 
stress-strain curves needs the CSM measurement. Therefore, a new protocol was developed on 
microindentation that is capable of extracting indentation stress-strain curves without CSM [57, 
100]. Consequently, the only way to estimate the contact radius reliably is to employ a multitude 
of unloading segments, and analyze them using Hertz theory [57]. Therefore, custom protocols 
were designed and implemented to allow a multitude of loading-unloading (corresponding to about 
30-50% of the peak force) cycles (see Figure 2.10 (a)).  Since each unloading segment produces 
one data point on the indentation stress-strain curve (Figure 2.10 (b)), the number and frequency of 
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the unloading segments has to be suitably adjusted to produce a meaningful and practically useful 
indentation stress-strain curve. In other words, to obtain a smooth indentation stress-strain curve at 
the elastic-plastic transition zone, the first unload should be chosen such that the material is barely 
deformed plastically.  Therefore, most of the data points up to the first unload are still in the elastic 
regimes.  
 
Figure 2.10: Schematic of microindentation stress-strain curves by applying several unloading segments on load-
displacement. 
 
To find an approximate maximum force for the first unload, for each new material, a set of 
single load-unload curves are required for different maximum force peaks. An example load-unload 
on a dual phase steel illustrates the selection of first unload in Figure 2.11. The material is tested 
with few single load-unload indentation tests. In this example, four maximum force of 5, 15, 25 
and 35 N are applied and then unloading were recorded to 50% of the maximum force. The loading 
and unloading segments are highlighted in orange and blue colors respectively. As one can see in 
Figure 2.11 (a-d), by applying 5N, the unloading segment follows the same path as loading segment 
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indicating the material is still in fully elastic regimes. Increasing the maximum force results in a 
larger deviation of unloading segment form loading segments.  
 
 
Figure 2.11: Preforming multiple indentation test in order to find out an estimation of maximum load or the 
where the material has not start deforming plastically. 
 
The protocols for extracting indentation stress-strain curves from the raw load-
displacement data from microindentation are based protocol developed by Pathak et al [57] which 
is still based on Hertz theory [106] as described in Section 2.3.3, and can be found in Equations 



























where 𝑃𝑃 and ℎ𝑒𝑒 are the indentation load and the elastic indenter displacement, and 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒 
and 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 are the effective radius and effective modulus, respectively. Constants (𝐸𝐸𝑖𝑖  , 𝑣𝑣𝑖𝑖) and (𝐸𝐸𝑠𝑠 , 
𝑣𝑣𝑠𝑠) are Young’s modulus and Poisson ratio for the indenter and the sample, respectively. For the 
initial elastic loading of a flat sample surface, the effective radius, 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒, is equal to the indenter 
radius, 𝑅𝑅𝑖𝑖. Therefore, it would be possible to extract 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 from the measured load-displacement 
using standard regression techniques 
 ℎ = 𝑘𝑘(𝑃𝑃 − 𝑃𝑃∗)
2







 𝐶𝐶 = ℎ∗ (2.28) 
𝐸𝐸𝑠𝑠 can be recovered using Equation (2.24). Similar to nanoindentation protocol the 
microindentation stress-strain analysis also requires establishment of zero-point correction. 
However, the indentation stress-strain curves become almost insensitive to the surface quality of 
both sample and indenter. Consequently, for the microindentation testing here, there was no need 
for a zero-point load correction. In practice, the zero-point correction is found to be almost zero in 




Figure 2.12: Microindentation stress-strain curves show far less sensitivity to surface quality and therefore 
almost no zero correction requires in most of the tests. 
 
After the material in the indentation zone experiences plastic deformation, Equation (2.26) 
needs to be modified to introduce the permanent displacement or residual height, ℎ𝑟𝑟: 












3 + ℎ𝑟𝑟 (2.29) 
Note that Equation (2.29) can only be applied to unloading segments (these are assumed to 
be elastic). Applying standard regression techniques on the unloading segments to fit Equation 
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(2.29) produces reliable estimates of ℎ𝑟𝑟 and 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒. In this analysis protocols, it is assumed that 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 
obtained from the initial elastic loading segment remains unchanged. This is a reasonable 
approximation for most materials, given the very small strains introduced in the indentation studies 
presented in this work. An unloading segment between 95% and 50% of the peak load (in each 
unloading) was employed in this work to estimate the evolving values of ℎ𝑟𝑟 and 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒. After the 
initiation of plastic deformation in the sample, 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒 is no longer equal to 𝑅𝑅𝑖𝑖. Indentation stress, 
𝜎𝜎𝑖𝑖𝑖𝑖𝑑𝑑, and indentation strain, 𝜀𝜀𝑖𝑖𝑖𝑖𝑑𝑑, corresponding to the start of each unloading segment are 










  (2.31) 
 𝐻𝐻 = �𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒(ℎ𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 − ℎ𝑟𝑟)  (2.32) 
where 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚  and  ℎ𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 are load and displacement at the peak of each unload, and 𝐻𝐻 is the contact 
radius. ℎ𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 is used to compensate the elastic displacement of the indenter, ℎ𝑖𝑖, and is computed 
as: 





Young’s modulus, 𝐸𝐸𝑖𝑖  , and a Poisson ratio, 𝑣𝑣𝑖𝑖 ,  of 640 GPa and 0.21 [143] were used for 
the tungsten-carbide spherical indenter. Equation (2.34) essentially estimates the indenter 
displacement by using Hertz’s theory for indentation on a rigid flat surface. After converting load-
displacement plot to indentation stress-strain curves, materials properties, such as elastic modulus, 
indentation yield strength, and indentation work hardening can extracted (see Figure 2.10. One 
should notice that, the measured mechanical properties using microindentation is very close to the 
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bulk properties of the tested materials since the indentation zone using a large tip covers multiple 
grains and phases. 
To investigate the validity of microindentation measurements, a case study was performed 
on aging process of Al6061 alloy in which aging heat treatment alter its uniaxial yield strength. 
Two different testing protocols are performed to measuring mechanical properties; standard 
uniaxial tension and microindentation testing protocols. For standard tension test, multiple coupons 
of materials were solution annealed and then aged at 204, 274, 343, and 413 °C for 2 hours and 
then followed by water quenching. The aging process alters the volume fraction and type of 
precipitates in this alloy and microstructure characterization by EBSD showed that it has small 
effect on the overall texture of the material [144-146]. Then samples were machined to the standard 
dimensions according to with ASTM Standard E8-15 [101]. In the other testing protocol, 
indentation test was performed using a spherical tungsten-carbide tip which had a nominal 
composition of 94 wt.% WC and 6 wt.% Co and a radius of 6.35 mm. Since the probed volume in 
indentation is much smaller compared with the conventional testing, it is possible to design a 
customized sample that has a well-controlled thermal gradient. This high throughput sample can 
serve as a sample library (Figure 2.13) to explore the full range of aging temperatures. In this 
design, a cylindrical rod of 1.5 cm diameter and 18.7 cm length of the same material was used as a 
sample. It was held with one end in molten salt held at 480 °C, and the other end bolted to an 
aluminum block cooled continuously using a chiller and a 50/50 mixture of ethylene glycol and 
water maintained at 10 °C. On the section of the sample that was above the molten salt, eight small, 
equally spaced, holes were drilled to the center of the rod to place thermocouple sensors (K-type) 
to measure the local temperature histories. The sample was also insulated to minimize heat loss. 
The sample was aged 2 h in the setup described above and water quenched. Then it was sectioned 
along its axis and metallographically prepared for indentation as shown in Figure 2.13 (b). Each 
column (perpendicular to the applied gradient) in the array of indentation tests represents one 





Figure 2.13: Schematic of high throughput testing protocol with a thermal gradient. 
 
Results from both tension and indentation testing protocols are presented in Figure 2.14 in 
red (after applying converting factors that will be explain in next section) and blue colors 
respectively. As one can see, very similar results were obtained from both protocols. This is a very 
good example of how combining indentation protocol with a sample library speed up exploring 
aging process on this material. The recorded spent time in both testing protocol proves the 
effectiveness of the high throughput protocol (Figure 2.15). Looking at time and cost per sample 
provides better image of how efficient is the high through put protocol. The total time on both 
processes includes time spent on cutting, machining, polishing, heat treatment, test set-up, testing, 
and test analysis. The calculated overall time per test is ~12 and ~90 minutes for HT and 
conventional protocols respectively. The calculated overall cost per test is ~$19 and ~$250 for HT 
and convention protocols respectively. As one can see, the time spent per sample in high throughput 
method is almost 7.5 times faster than conventional method. Likewise, the cost per test is ~13 times 
less in high throughput compared to conventional protocols. It is worth to mention that investigating 
another condition in high throughput protocol will not only cost $11 per test (the cost associate 
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only with test set-up, testing and analysis) but also it lowers the total cost per test. While adding 
another condition by conventional testing costs $250 and no effect on the overall cost per sample. 
In addition, the readers need to pay attention that this recorded time and cost per test is only for 
mechanical testing not for microstructure characterization which requires preparing separate sets 
of samples for that purpose in conventional protocol while in high throughput method no extra 
effort is needed.  
 




Figure 2.15: Comparison between times spent on conventional testing and high throughout method. 
 
2.5. Conversion of indentation to tensile stress-strain 
It should be clear that the uniaxial stress-strain data cannot be compared directly with the 
indentation stress-strain data, as these impose very different plastic deformation fields in the 
sample. Obviously, some scaling factor needs to be applied to the indentation results in order to 
compare with uniaxial tension results. This ratio accounts for the fact that the hydrostatic stress 
component is significantly higher in the indentation test conditions, compared to the uniaxial stress 
conditions. In the experiment on Al6061 alloy, the ratio between the 0.2 % offset indentation yield 
strength and the 0.2 % offset tensile yield strength was observed to be about 1.9, with a standard 




Figure 2.16: Direct comparisons between spherical indentation and uniaxial tensile measurements on the 
samples subjected to the same aging treatments. The indentation measurements reveal the same trends seen in 
the bulk tensile samples (i.e., decreasing strength with aging temperature). The ratio between the 0.2 % offset 
indentation yield strength and the 0.2 % offset tensile yield strength was observed to be about 1.9, with a 
standard deviation of 0.3. 
 
Literature reports a value of around 2.8 for the indentation constraint factor defined as the 
ratio of hardness or mean pressure to uniaxial flow stress. These studies are primarily inspired by 
Tabor’s initial experiments conducted on copper and steel for which he identified a ratio of 2.8 (see 
Section 2.3.1). In Tabor’s experiments, the contact radius (actually the projected contact area) was 
determined from residual indents after complete unloading. It should be recognized that the 
protocols described and employed in the present work follow the definitions arising from Hertz’s 
theory, where the contact radius and the corresponding projected contact area are both defined in 
the fully loaded condition. Furthermore, the measurements Tabor made required a significant 
amount of plastic deformation in order to make a residual indent, whereas this study quantified the 
0.2 % offset indentation yield strength, which is well below the typical plastic strains seen in 
hardness measurements. The contact radius at peak load should be expected to be greater than the 
contact radius measured on residual indents because of the elastic recovery; this difference will be 
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significant in the early portion of the stress-strain curve (note that for a purely elastic indentation 
there is no residual indentation). 
Further assessing the literature that supports a constraint factor of 2.8, it is noted that some 
researchers [110, 147-149] have indeed measured the contact radius in the fully loaded condition 
[105, 110, 150] [2, 5, 53], which appears to negate the arguments made earlier and adds significant 
confusion. Our interpretation and rationale is as follows. First, the agreement on the constraint 
factor for protocols which measure the contact radius in the fully loaded condition and from residual 
indents is largely based on the material response after significant plastic deformation has occurred 
at the indentation site (i.e., a fully plastic zone is established at the indentation site). At such large 
plastic strains, the difference between the contact radius in the fully loaded condition and from 
residual indents, as Tabor used, is significantly less than during the early stages of plasticity. 
Consequently, experiments in this regime using both definitions of contact radius provide similar 
constraint factors. Second, the protocols used to estimate the contact radius in the fully loaded 
condition [105, 110, 150] in prior studies are not the same as those used in this work [57, 89]. 
Donohue et al. [151] critically evaluated these differences using a finite element model as a 
surrogate for the indentation experiment. These authors found that the protocols used in literature 
estimate the actual contact radius while the protocols used in this work estimate the Hertzian contact 
radius—one that is consistent with Hertz’s theory. Additionally, the Hertzian contact radius was 
found to be larger than the actual contact radius once plasticity initiates (even at small plastic 
strains). 
In a recent work based on finite element simulations employing isotropic plasticity models, 
Patel et al. [97] suggested scaling factors of 2.2, 2.0, and 1.3 for the stress, elastic strain, and plastic 
strain, respectively and presented in Figure 2.17. The scaled indentation stress-strain curves can be 
interpreted as data from indentation measurements in substantially large indentations, within the 




Figure 2.17: An example of converting  an indentation stress-strain curve using the scaling factors by Patal et al. 
[152]. The FE simulation model is for a simple power law with K =180 and n=0.2 for the case of aluminum. 
 
These factors were applied to Al6061 results to scale the measured tensile stress-strain 
curves on different aging temperature. Once again, a 0.2% offset is used on all plots to calculate 
the yield point. Finally, the indentation yield strength from all indentation tests and scaled tension 
tests are presented in a single plot in Figure 2.14. It should be noted that the scaling factors proposed 
by Patel et al. [152] value corresponds to isotropic elastic-plastic response of the sample material 
obeying the J2 flow theories. Keeping in mind that the real material behavior in our tests is likely 
to deviate somewhat from this idealized material law, it is remarkable that our experiments have 
indicated an average value of 1.9 with a standard deviation of 0.3. 
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Chapter 3 Microstructure quantification and PSP linkages 
Most structural materials have microstructural hierarchy that can be manipulated by 
undergoing different processing steps to improve their performance in order to be used in advance 
applications. Any change in the microstructure of a material directly influences its physical, 
chemical, and mechanical properties. Finding how the microstructure of a material is altered by 
different processing conditions and consequently affecting the materials properties is the main 
concept in the field of materials science and engineering.  
The introduction of the first commercial scanning electron microscopes (SEMs) in 1965 
has changed microstructural characterization in the field of materials science. Higher resolution 
down to an atomic scale as well as uncovering several buried microstructure details opens the door 
to a new world for materials researchers. Despite technological advances in characterization 
techniques, microstructural quantification techniques are still in a very primitive state. Most of 
these quantification techniques, analyze the collected rich data from advance instruments, and only 
extract very simple descriptor of the microstructure as a simple scalar measure such as volume 
fraction, particle size, particle spacing. One can notice that none of these simple scalar measures 
can fully describes the microstructure of a material as many different microstructures with 
completely different corresponding properties can exhibit the same volume fraction (as an example 
of scaler measures). An example of this situation is presented in Figure 3.1 where the microstructure 
of two bulk metallic glass composite alloys and their corresponding uniaxial mechanical tests are 
presented. Both alloys were prepared with the same processing history but with different alloy 
compositions that result in different morphologies of the glass phase. Despite similar volume 
fraction of glass phase (bright phase in micrographs), two alloys have different mechanical 
responses. This example shows the deep deficiencies in using scalar measures as a representative 
of a material’s microstructure. This is an example of many other situations that shows a rigorous, 




Figure 3.1: Examples that show simple measures such as volume fraction is not sufficient in quantifying 
microstructure. Two different composition of Ti-based bulk metallic glass matrix composites (BMG-MC) have 
different mechanical prosperities while both alloys show the same volume fraction of glass phase. 
 
3.1. Microstructure function and local state space 
A microstructure function describes the connection between a spatial location (𝑥𝑥) in the 
material volume being studied to the local state, (ℎ), of the material at that location which can be 
expressed as 𝜇𝜇(ℎ, 𝑥𝑥). In this definition, the local State (ℎ) is a material structure attribute at the 
selected length scale that governs material properties of interest. The complete set of all 
theoretically possible local states defines the local state space(𝐵𝐵). A local state can be specified by 
a thermodynamic phase, chemical composition of the phase, crystal orientations of phase, or 
amount of local defect in the lattice.  In practice, all microstructure characterization techniques 
probe the local state in the material over a finite volume and a finite time interval, both of which 
are dictated by the resolution limits inherent to the characterization technique/equipment used. 
Since the local state can only be characterized as an average measure over a finite probe volume 
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and a finite time step, it becomes necessary to allow for the presence of mixed local states in the 
description of the microstructure function. (e.g., quantifying regions near grain boundaries or phase 
boundaries in multiphase polycrystalline materials systems). The microstructure function 𝜇𝜇(ℎ, 𝑥𝑥) 
is defined as the probability density associated with finding local state ℎ at the spatial location 𝑥𝑥. 
3.2. Two-point statistics 
As described earlier, a robust method is needed to fully quantify a microstructure. The 
framework of using 2-point statistics with PCA analysis has shown promise in past studies [30, 31, 
68, 72, 74, 75, 153]. The 2-point statistics are denoted as 𝑜𝑜𝑟𝑟ℎℎ′ and are computed as [154]: 






𝜇𝜇𝑠𝑠+𝑟𝑟ℎ′  (3.1) 
where 𝑆𝑆𝑟𝑟 is the total number of bins in the microstructure, 𝜇𝜇𝑠𝑠ℎ is discretized representation of the 
microstructure denoting the volume fraction of local state ℎ in voxel 𝐻𝐻, and 𝑀𝑀 indexes discretized 
vectors placed into the microstructure for evaluating the 2-point statistics. In essence, the 2-point 
spatial correlations capture the probability of finding discrete local states ℎ and ℎ′ at the tail and 
head of a discrete vector indexed by 𝑀𝑀 (Figure 3.2). These spatial statistics maps contain a 
tremendous amount of information about the morphology and distribution of the local states in the 
microstructure. For example, the center peaks in the autocorrelations provide the volume fraction 
information. The contours in the center of the autocorrelation plots provide quantitative information 
on the shape of local state field in the microstructure. One can also extract a large number of 
conventional microstructure measures from these plots [30, 31], and even reconstruct the original 





Figure 3.2: Schematic micrograph of two-phase material and corresponding 2-point statistics of the 
microstructure. The microstructure consists of two local states; white and black, the head of the white vector 
shows the probability value of finding similar vectors (in terms of size and direction) with both head and tail in 
white phase if randomly placed on the micrograph on left. 
 
3.3. Dimensionality reduction 
The quantification of microstructures using the framework of 2-point statistics produces a 
very large vector of descriptors for the microstructure (every voxel in each of the correlation maps 
would be an entry in this vector). Principal component analyses (PCA) has been shown to be 
remarkably effective in arriving at objective (data-driven) low dimensional representations [34, 68, 
74, 153, 158-161] of the microstructure. Mathematically, this can be expressed as  
 𝑜𝑜𝑟𝑟
(𝑘𝑘) =  �𝛼𝛼𝑖𝑖





(𝑘𝑘)denotes a contracted representation (i.e., as a single vector) of all the spatial 
correlations of a microstructure indexed by 𝑘𝑘, 𝑜𝑜𝑟𝑟 denotes the ensemble average of all 
microstructures included in the analyses, 𝜑𝜑𝑖𝑖𝑟𝑟 denote the directions of the new linearly transformed 
reference frame (identified by PCA) and 𝛼𝛼𝑖𝑖 are the coordinates (also called PC scores) in the new 
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reference frame. A salient feature of PCA is that it transforms the data into a new orthogonal frame 
where the axes are ordered by the maximum variance seen in the data. 
 
 
Figure 3.3: Low-dimensional representation of the 2-point statistics of few micrographs obtained from PCA. 
 
Examples of 4 classes of two-phase microstructures and their corresponding 2-point 
statistics are presented in Figure 3.4 (a-h).  Microstructures from Classes a have randomly 
distributed non-overlapping ellipses with horizontally alignment. The microstructures in Class b 
and d have ellipses in two orientations with 30 and 90° misalignment between the orientations of 
ellipses respectively. The class c has randomly distributed non-overlapping circles. All 
microstructures had generated such that the volume fractions stays very close to 20%. Except class 
c where circles is used to generate microstructure instead of ellipses, other microstructure classes 
contain ellipse with the same size and aspect ratio. Therefore, all traditional scalar measures of the 
microstructure such as volume fraction, size, and aspect ratio are identical for all these three classes. 
On the other hand, the 2-point statistics maps (autocorrelations of the white phase) retain all details 
of the microstructure (Figure 3.4 (e-h)). As an example, the value of the maximum peak in the 
center of the 2-point statistics plots which is the probability of finding of white local state at the tail 
and head of vector size 0 is nothing but the volume fraction of white phase and it is 0.2. Moreover, 
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the shape of the 2-point statistics maps carries information of the orientation and the shape of the 
features. As one may see the more similar microstructure (a and b) the closer their corresponding 
2-point statistics data points in the PC space. 
 
Figure 3.4: Examples of microstructure of two-phase material with in four different configuration classes. The 
autocorrelations of the white phase (i.e., ellipses) for the microstructures shown on the left contains all detail of 




Figure 3.5: Visualization of two-point spatial correlations of the 4 classes of microstructures in the reduced-
order PC space. Left, middle and right plots show PC1 vs PC2, PC1 vs PC3 and PC2 vs PC3, respectively [162]. 
 
More detailed information can be found in the PC bases. An example of PC spaces is 
presented in Figure 3.6. Knowing the bases of the new coordinate frame and the average value of 
all analyzed microstructure data points, the PC scores is nothing but the coordinates of the a 
microstructure data point in this new frame and can be presented mathematically as Equation (3.2) 
. The reader should notice that all collected microstructure data points contribute in defining these 
bases. In other words, adding up more microstructure to this set will change the average as well as 
the PC bases. Eventually, if enough and wide ranges of the microstructure are added to the analysis, 




Figure 3.6: (a) The mean of statistics for all 80 microstructures, (b, c , d) first three principal component bases. 
 
3.4. Processing-Structure-Property (PSP) linkages  
The structure-property linkage is based on the homogenization theory developed from the 
statistical continuum theories by Kroner [163, 164]. In the theory the effective stiffness can be 
expressed as  




� � 𝐶𝐶′(𝑥𝑥)𝛤𝛤(𝑃𝑃)𝐶𝐶′(𝑥𝑥′)𝑑𝑑𝑥𝑥 ′ 𝑑𝑑𝑥𝑥
𝑉𝑉𝑉𝑉
 (3.4) 
where 𝐶𝐶 and 𝐶𝐶′ are a reference stiffness value and the perturbation from the local property at 
location 𝑥𝑥 in the microstructure volume of 𝑉𝑉. The 𝛤𝛤(𝑃𝑃) is a symmetric second derivative of defined 
Green’s function of the underlying physics of the problem where 𝑃𝑃 = (𝑥𝑥 − 𝑥𝑥′). The second term in 













𝑖𝑖𝑛𝑛 is the 2-poin statistics that contains microstructural information and ℵ𝑟𝑟
𝑖𝑖𝑛𝑛 are 
microstructure-independent coefficient that capture physics- governing information of the studied 
phenomenon. Even though the presented equations are developed and presented for stiffness 
property, it has been shown in literature that these equations can be used for any nonlinear materials 
property. 
As discussed in previous section, 2-point spatial correlation contains very high dimensional 
microstructural information, hence PC analysis was utilized to find the most and important 
microstructure features. Since the PCA is essentially a linear transformation (Equation (3.2)), and 
using the Equation (3.5), the effective property in Equation (3.3) can be recast as  
 𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒 ≈ 𝐴𝐴° + �𝐴𝐴𝑖𝑖𝛼𝛼𝑖𝑖
𝑖𝑖
 (3.6) 
The 𝛼𝛼𝑖𝑖 are the PC scores of each microstructure and 𝐴𝐴𝑖𝑖 denotes their corresponding 
influence on the effective property and are independent from the material structure. The goal in 
data-driven approach is to find a simple format of Equation (3.6) with minimum number of terms 
which keeps computational cost of the establishing a structure-property linkage very low. In order 
to do that, the least squares regression analysis with different degrees of polynomial and level of 
truncation on number of PCs is applied to achieve the most accurate linkages without overfitting. 
The established linkage then was validated by LOOCV (Leave-One-Out Cross Validation) 
technique [68]. 
 Example of structure-property linkages from CPFEM simulation results is presented in 
Figure 3.7. Figure 3.7. (a) Synthetic 12 classes of different textures of the studied Set of 12 α-
titanium synthetic microstructures (class A-L) with different textures is used in the study with 30 
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samples in each class of texture. The elastic stiffness and yield strength are predicted via CPFEM 
simulations. The classes A-G are used to establish structure-property linkage shown with grey color 
in the Figure 3.7 (b-d). Rest of the generated textures (class H-L) are used to validate the data-
driven SP linkage for both elastic stiffness and yield strength properties which show very good 
agreement within 1 and 5% error bounds respectively [165]. 
 
 
Figure 3.7. (a) Synthetic 12 classes of different textures of the studied α-titanium (b) Representation of all 12 
classes after applying 2-point statistics and PC analysis. The class A-G shown in grey are used to train the 
structure-property linkage. Class H-L (colored ones) are used to show effectiveness of the data-driven linkage.  
Predicted versus simulated response for (c) elastic stiffness with 3 PCs and (d) yield strength with 6 PCs. 
 
The same approached can be applied in establishing Processing-Structure linkage that 
captures the details of the microstructure evolution as a function of processing parameters. The 
difference between the Structure-Property linkage and the Processing-Structure linkage is on the 
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inputs and outputs. In the former one, the inputs are the PC scores from 2-point statistics and PCA 
analysis and outputs are the property of interest. In the latter linkage, the inputs are the processing 
parameters and outputs are the PC scores. This can be denoted with a simple polynomial format as 
 ?̇?𝛼𝑗𝑗 ≈  ?̃?𝐴°(𝜃𝜃𝑘𝑘) +�?̃?𝐴𝑖𝑖𝑗𝑗(𝜃𝜃𝑘𝑘)𝛼𝛼�𝑖𝑖
𝑖𝑖
 ( 3.7) 
where 𝛼𝛼�𝑖𝑖 and 𝜃𝜃𝑘𝑘 are the polynomial combinations of PC scores and process parameters 
respectively. 
The reader is reminded that the PSP linkages developed here are data-driven and a s result 
the linkage will change when new data is added. When a substantial amount of data becomes 
available and the collected microstructures cover all possible microstructure for the selected 
material system, then we could expect the PSP linkages to become stable (i.e., there would be no 





Chapter 4 Application to Dual Phase (DP) Steels 
This chapter presents the application of the high throughput indentation testing and 
microstructure quantification protocols in dual phase steel. Dual phase steel is advanced high-
strength steels that are widely used in automotive application due to their combination of high 
strength and good formability. Their compositions also contain very low alloying elements and 
their high strength and ductility can be reached by simple thermomechanical treatment, which 
makes this class of alloy an excellent candidate for weight reduction purpose in vehicle industries 
to improve fuel efficiency. These alloys also have an excellent fatigue strength and a good energy 
absorption capacity [38, 41, 45, 47, 51, 62, 63, 66, 166-174]. This outstanding combination of 
mechanical properties is due to their microstructure.  
The microstructure of dual phase steel alloys consists of ferrite and a dispersed hard 
martensitic phase in the form of islands. Martensite forms during quenching of the steel after 
holding it at intercritical annealing temperature. During the austenite-martensite transformation, a 
volume change of 2-4% occurs and produces residual stresses and plastic deformation in the ferrite 
matrix adjacent to the martensite islands. Applying additional cold work increases the amount of 
internal stress at the martensite-ferrite interface. The next bake hardening process relief some of 
the internal residual stresses by letting ferrite and martensite undergo static strain aging and 
tempering phenomena respectively. As a result of these processes, the DP steel obtains a unique 
behavior of continuous yield behavior and high work hardening rates. 
Despite simple processing steps in producing DP steel, the development of new generation 
of them requires deep scientific answers to various open questions regarding immense complexity 
exists in the microstructure and its relationship with mechanical response at different length-scale. 
To answer these questions this chapter is seeking two goals: 
a) Multiscale mechanical characterization of martensite phase 
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b) Developing protocols in establishing processing-structure-property linkages for 
yield strength property 
In the first step, nanoindentation test were conducted to investigate two major 
microstructure features: the amount of carbon content and the lath martensite interfaces. During the 
process of quenching and cold work, the carbon content and defect density in lath martensite varies 
locally. The heterogeneity becomes more complex when the lath martensite undergoes bake-
hardening process during which non-uniformed tempering occurs in the lath martensite. As one can 
see, the very complicated local structure will definitely result in a very high variance in the small 
length-scale mechanical measurements and make it impossible to investigate the effect of each 
microstructure feature individually. For this purpose, we selected two non-commercial Fe-Ni-C 
alloys with low 𝑀𝑀𝑠𝑠  temperature to minimize amount of auto-tempering during quenching process. 
Both alloys have a similar Ni content (~5%) but different carbon contents 0.13 and 0.3 wt. %. We 
tested samples as quenched and no further cold work and bake hardening applied. By changing 
indenter tip from 1, 16 and 100 µm in radius, we are able to study the effect of the carbon content 
and lath interfaces systematically on the mechanical response of lath martensite at small length-
scales. 
In the second step, we selected three intercritical annealing temperature, 3 amount of 
thickness reduction in cold work, and two bake hardening conditions in exploring the processing 
space for DP steel production while other processing parameters (alloy composition, annealing 
temperature and time, hot deformation, initial microstructure, quenching cooling rates bake 
hardening temperature and time) are kept constant. The bulk mechanical response then measured 
by microindentation test at various locations. The microstructure of the sample then characterized 
by EBSD technique. And the PSP linkages is established for the average indentation yield strength 




4.1. Multiresolution mechanical characterization of hierarchical materials: Spherical 
nanoindentation on martensitic Fe-Ni-C steels 
4.1.1. Introduction 
In this paper, two model martensitic steels Fe-5.1Ni-0.13C (wt.%) and Fe-5.0Ni-0.30C 
(wt.%) with different carbon contents were investigated using spherical nanoindentation stress-
strain curves to quantify the mechanical behavior of lath martensite at multiple length scales using 
different spherical indenter tip radii. The indentation yield strength is dominated by the nanoscale 
defect structure for all indenter radii (1µm, 16µm and 100µm) and does not exhibit any discernable 
size effect in the measured yield strengths at different length scales. The work hardening rates 
measured in the indentation tests at the different length scales coincide until the indentation zones 
grow large enough, so that a significant increase of work hardening occurs which is attributed to 
the presence of high-angle block boundaries in the indentation probed volumes. Characteristic pop-
ins were observed in the indentations performed with the 1 µm and 16 µm indenter tip sizes and 
have been attributed to the interaction of dislocations with lath boundaries and their eventual 
transmission. In addition, the correlations between the properties measured from these indentation 
protocols and those measured in uniaxial tensile tests are critically examined. 
4.1.2. Review of Indentation Measurements on Lath Martensite   
There is a substantial amount of uncertainty in current literature regarding the properties 
exhibited by the martensitic phase in high strength low-alloyed steels. Most of the previous 
indentation studies on lath martensite employed a sharp diamond tip and analysis protocols that 
analyzed the unloading segments after introducing a significant amount of plastic deformation in 
the indentation zone in the loading segment [37, 39-41, 46, 175-187]. These indentation protocols 
can only provide estimates of modulus and hardness. It needs to be pointed out that hardness is a 
measure of flow strength after some amount of nonstandard plastic deformation has been imposed 
on the sample. Consequently, it is entirely possible that the intrinsic mechanical properties 
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estimated in these protocols are significantly influenced by the indentation itself. In fact, most prior 
studies on different material systems have reported a size effect with higher strength values 
measured with shallow indentation depths [188-192]. A summary of indentation measurements on 
lath martensite is presented in Table 4-1. Only a few of these studies attempted to extract the elastic 
modulus of lath martensite in different alloys. From the reported values of elastic modulus, a large 
variation in the range of 180 to 320 GPa is observed. Besides the differences in the chemical 
composition (most prominently C content) being one of the main sources of the observed variance 
in the measurements, other factors include variations in the testing and analysis protocols (e.g., the 
indentations in the different studies were carried out to different maximum indentation 
loads/depths). The variance in the measured hardness is remarkably large not just from one study 
to another, but also within a study conducted on a single alloy composition. In some cases, the large 
variance in the reported measurements was explained as size-effects, where smaller indentation tips 
and shallower indentation depths produced higher values of hardness. Since the hardness 
measurements obtained at different indentation loads/depths correspond to different amounts of 
plastic deformation imposed on the sample, it is impossible to ascertain whether the measured size 
effect is intrinsic to the material or simply a consequence of the protocols employed. As further 
evidence, it is noted that investigations [39, 176, 177, 180] conducted on various alloy compositions 
reported almost no size effect with different loads/depths when using a Berkovich tip geometry. 
However, when the indenter tip was substituted with a Vickers geometry to measure hardness at a 
larger length scale, lower hardness values were obtained. Generally, from these studies the 
measured hardness from Berkovich tips were reported to be 1.2 to 2.5 times higher than the ones 
from Vickers testing. This implies that the geometry of the indenter tip possibly has a significant 
influence on the hardness measurements. Another inconsistency observed from the previously 
reported studies can be traced to whether or not the indentations were conducted close to or away 
from high-angle grain/phase boundaries. In some studies, higher hardness values were reported at 
locations close to boundaries [180, 187], while in other studies the opposite trend was noted [39]. 
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The effect of carbon content on the hardness of martensite was systematically investigated by 
Ohmura [176] and Hutchinson [178]. For the same range of C content (0.1-0.5 wt.%), Vickers 
hardness measurements in the range of 4 to 8 GPa were reported in both studies, despite the 
significant differences in the compositions of the other alloying elements in the steels studied. This 
shows that the C content has the greatest influence on the hardness of martensitic steels compared 
with other substitutional alloying elements. 
  
Table 4-1: Hardness measurements of lath martensite from previous studies on various alloys 
 
 
In contrast to the measurements described above with the Berkovich tip, size effects were 
absent in the indentation yield strengths measured on other alloys [56, 60, 93] using the recently 
developed spherical indentation stress-strain protocols. Therefore, the indentation yield strengths 
measured in the new spherical indentation protocols are better measures of the intrinsic material 
properties, and can be directly related to the details of the microstructure in the probed volume [56, 
58-60, 90, 91, 93, 193]. In this paper, we specifically investigated the changes in the indentation 










Fe-0.12C-2Mn-1Si Berkovich - 1 - 6.9-8.8 [41]
Fe-0.2C-1.5Mn-2Cr Berkovich - 3 - 5.6-7.4 [45]
Fe-0.15C-1.7Mn-0.5Si-0.012Nb Berkovich - 0.25-15 - 4.6-7.6 [47]
Fe-0.13C-1.9Mn-0.03Si-0.16Co- Berkovich - 3 - 6.2-8.1 [35]
Fe-0.2C-3Mn-1.6Si Berkovich 30 - 211-215 4.5-8.5 [46]
Berkovich - 0.5 - 3.8-5.5
Vickers - 98, 245, 4900 - 2.06
Berkovich 60, 400 - 250-320 5.6-9
Vickers - 4900 - 5.3-5.4
Fe-0.4C Berkovich - 0.2, 0.5, 1 200-220 8-10 [38]
Berkovich - 0.5 - 10.5-12
Vickers - 4900 - 8.5
Fe-0.38C-0.2Si-0.67Mn-0.97Cr-0.15Mo Berkovich - 10 - 4.9-5.8 [48]
Berkovich - 0.5 180-250 5-11
Vickers - 4900 - 4-9
Fe-0.05C-16Cr-6Mn-6Ni-1Si-0.1Al Berkovich - 1 215 7.4-7.9 [34]
Fe-0.05C-17Cr-7Ni-0.5Si-1.5Mn-0.1Mo Berkovich - 1 - 3.8-6.5 [50]
Fe-0.95C-1.3Mn-0.91Si-0.23Cr Berkovich - 0.5 - 5.9-7.3 [49]
Fe-(0.12, 0.23, 0.31, 0.48)C Vickers - 9800 - 3.9-7.1 [40]








Fe-(0.1, 0.2, 0.4, 0.6, 0.8)C
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scales. By systematically changing the length scale of the probed volume (accomplished by using 
indenters of different tip radii), we were able to identify the respective contributing defects (such 
as dislocations, interstitial carbon, grain boundaries, etc.) in the microstructure inside the 
indentation sample volumes probed in our experiments.  Furthermore, the indentation results were 
suitably scaled and compared with the uniaxial mechanical properties (measured in standard tensile 
tests) to derive new insights on the correlations between the values measured at different length 
scales. 
4.1.3. Materials and Experimental Procedure 
Alloy processing: Two non-commercial grade alloys with compositions Fe-5.1Ni-0.13C 
(wt.%) and Fe-5.0Ni-0.30C (wt.%) were provided by ArcelorMittal Research Center in Maizières 
(France). Both materials were austenitized at 900 °C for 5 min and water-quenched to obtain 
martensitic microstructures. 
Microstructure characterization: Sample preparation was carried out using standard 
metallography procedures. This involved grinding with silicon carbide papers down to grade 4000 
and polishing sequentially with diamond suspensions of 3 µm, 1 µm, and OP-A alumina/OP-S 
silica suspension. For microstructure characterization, EBSD (electron backscatter diffraction) and 
ECCI (electron channeling contrast imaging) measurements were carried out in a TESCAN MIRA3 
and a Zeiss “Merlin” scanning electron microscope with a field emission gun at 20 kV and 30 kV, 
respectively. A working distance of 5-6 mm was used to increase the backscatter electron signal 
and enhance contrast for ECCI.  
A PANalytical’s Empyrean X-ray diffractometer with Cu Kα radiation (k = 0.1540598 nm, 
powered at 45 kV and 40 mA) was employed for scans with the range of 2θ from 30-130° at the 
rate of 0.04°/min. In addition, higher resolution scans on the (200) and (211) diffraction peaks of 
martensite were obtained at a small step size of 0.0263° and an acquisition speed of 0.005°/min. 
The as-acquired diffraction curve was processed by Kα2 stripping and background removing. 
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Uniaxial tensile property measurements: Tensile testing was performed using standard 
protocols on specimens with a rectangular cross section of about 4.1 × 0.9 mm2 and a gage length 
of 15 mm. 
Nanoindentation strain-stress analysis: Spherical nanoindentation tests were performed on 
an Agilent G200 Nanoindenter with a XP head and a CSM (continuous stiffness measurement) 
module. The CSM superimposes small unloads with a displacement amplitude of 2 nm and a 
frequency of 45 Hz on the monotonic loading conditions imposed on the sample. Tests were run 
with a constant strain rate (loading rate divided by the load) of 0.05 s-1 to maximum depths of 300, 
500, and 700 nm for indenter tip sizes of 1, 16, and 100 μm, respectively. A minimum of 30 
nanoindentation tests was conducted at random locations on the surface of each sample for each 
indenter size. The collected data was converted to indentation stress-strain using the protocol 
described in Section 2.3.3. 
From each measured indentation stress-strain curve, the indentation elastic modulus, the 
indentation yield strength, and the indentation work hardening rate were extracted. A 0.002 plastic 
strain offset was employed to identify the indentation yield strength. The indentation work 
hardening rate was extracted by fitting a line to the indentation stress-strain plot from the 
indentation yield point up to 0.015 indentation plastic strain. 
4.1.4. Results and Discussion 
An overview of the hierarchical martensitic microstructure in both alloys is illustrated in 
Figure 4.1(a-f). EBSD data, Figure 4.1(a and b), provides information about the crystallographic 
orientations of laths, blocks and packets as well as information on the prior austenite grain structure. 
However, EBSD only is not entirely able to resolve the low misoriented substructure within 
martensite blocks. Yet, electron channeling contrast imaging (ECCI) micrographs in Figure 4.1(c 
and d) reveal the lath morphologies. This technique permits imaging of defects in the lattice by 
diffraction contrast, very similar to the two-beam condition technique used in conventional TEM 
(transmission electron microscopy) for imaging dislocations. The advantage of ECCI over TEM is 
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that it can be carried out in the scanning electron microscope (SEM) on bulk samples with wider 
field of view and exhibits excellent capabilities in terms of defect imaging on the micro- and nano-
scale [194-198]. Defects such as dislocations produce lattice distortion around the dislocation core 
that result in contrast changes. The intensity of this contrast depends on how the back-scattered 
electrons interact with the crystal lattice. 
 
Figure 4.1: Inverse pole figure maps and ECCI images of the microstructure in both alloys at different length 
scales showing various orientations (a,b), different morphologies (c,d) and lattices (dark matrix) with high 
density of dislocations (bright features indicated by yellow arrows) (e,f) of the lath martensite. 
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ECCI confirms that both steels exhibit a complex and heterogeneous microstructure 
containing parallel stacked laths [199-201]. Lath morphologies were already studied in detail on 
the same material system [187], and have shown existence of a few coarse laths in a microstructure 
dominated by fine laths (also see Figure 4.1 c and d). A brief summary of the microstructural 
analysis performed previously on the same materials [187] is reproduced here for the convenience 
of the reader. Laths with a 2D projected size larger than 5 µm² were considered as coarse laths. The 
average area fractions of coarse laths were reported as 8.8% and 3.9% for Fe-5.1Ni-0.13C and Fe-
5.0Ni-0.30C, respectively. The maximum width of the coarse laths was measured to be 3.5 μm, 
while the width of the fine laths varies between 50-500 nm (with an average of 200 nm). The 
microstructure of the alloy with the higher carbon exhibited a finer lath size, attributed to the 
restricted martensitic transformation at the higher carbon content [178]. The prior austenite grain 
size is about 25 µm in both alloys, and therefore the hierarchy in terms of packets and blocks should 
be comparable between the two alloys. More details about microstructural defects, such as 
dislocations, within the lath martensite are revealed in the higher resolution ECCI micrographs 
shown in Figure 4.1 (e and f). The lattice defects appear with a brighter contrast than the matrix in 
the ECCI micrographs. The dislocation networks are observed throughout the entire microstructure. 
In addition, this qualitative analysis of the dislocation structure already suggests a higher 
dislocation density in the Fe-5.0Ni-0.30C alloy as compared with its lower carbon counterpart. 
The degree of lattice distortion as a result of the interstitial carbon atoms is studied by using 
x-ray diffraction (XRD). Figure 4.2 (g-i) shows the XRD results from the as-quenched samples, 
which include the peaks for martensite. In spite of the low amounts of alloying elements in the 
studied material, a small amount of retained austenite was detected in the spectrum. This has been 
observed in other studies [37, 41, 184, 185, 199, 201-205] by TEM where thin films of retained 
austenite between lath martensite were detected even after fast quenching. Higher resolution XRD 
scans were collected on 43-47° and 63-67° 2𝜃𝜃 ranges for the (110) and (200) martensite peak 
positions, respectively. The total carbon content entrapped in interstitial lattice positions is not 
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sufficient to display the splitting of the (200) peak due to tetragonality of martensite. Also, 
autotempering occurs simultaneously during quenching [206-208]. This means that not all carbon 
atoms remain trapped in the lattice, but also decorate and pin dislocations and eventually form 
cementite precipitates nucleating from dislocation cores [208]. In the higher carbon alloy, the 
formation of carbon-rich clusters and transition carbides is additionally driven by spinodal 
decomposition at even smaller length scales (within the dislocation network) [208]. In general, the 
high carbon alloy experiences less autotempering during quenching due to the lower Ms 
temperature, so that the fraction of interstitially dissolved carbon atoms is higher than in the low 
carbon alloy.  The slight shifts of the (200) peak to the right and the (110) peak to the left are 
attributed to the expansion and contraction of the crystal lattice along those directions during 
martensitic transformation, which is enhanced in the high carbon alloy. This indicates tetragonal 





Figure 4.2: XRD plots from both materials and detailed scans on peaks (110) and (200) (g-i) showing shifts in the 
peak positions as a result of contraction and expansion of the lattice along [110] and [200] directions. 
 
Examples of nanoindentation measurements obtained in this study using the 1, 16, and 100 
μm indenter tip sizes are shown for both alloys in Figure 4.3. As discussed earlier, the transition 
from elastic to plastic regimes is not obvious from the load-displacement plots shown in Figure 4.3 
(a-c). The details of the load-displacement curves at the very early stage of loading are magnified 
and shown in Figure 4.3 (d-f). These plots reveal a discernible difference in the load-displacement 
responses for both alloys, even at small indentation depths. However, the exact point of initiation 
of plastic deformation is still not easily identified from these plots.  The elastic to plastic transition 
becomes obvious only after the data is corrected (i.e., zero-point correction [89]) and converted to 
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the indentation stress-strain curves shown in Figure 4.3 (g-i) using our recently developed protocols 
[89]. The elastic segments in the initial loading segments are highlighted in Figure 4.3 (d-f). The 
corresponding calculated values of the elastic moduli from these curves are also provided in the 
same figures. It is important to recognize that the very early segments of the measured load-
displacement curves are excluded from the analyses as they do not match the Hertzian contact 
theory. This is because the contact in these very early segments is likely to be different from the 
ideal contact of smooth quadratic surfaces assumed in the Hertzian contact theory. Therefore, the 
concept of effective contact mentioned earlier is crucial for the proper analysis of the measured 
load-displacement curves. As mentioned earlier, the indentation yield strength is defined using a 
0.002 plastic strain offset in these measurements, while the indentation work hardening rate is 
defined as the slope of a line fitted to the stress-strain data from the yield point to a plastic 
indentation strain of 0.015.  
Since the martensitic microstructure exhibits  a high degree of heterogeneity in terms of 
local carbon distribution, grain boundary density, dislocation density, crystallographic orientations 
(see Figure 4.1 and [187]) at the scale of the indentation probe volumes, it becomes essential to 
conduct multiple measurements at randomly selected locations on the sample. This allows us to 
arrive at a statistically meaningful comparison and interpretation of the effects of carbon on the 
measured indentation properties. The results from 30 nanoindentation tests per indenter tip size on 
each alloy are presented in Figure 4.4 (a-c). There is a clear overall trend in these results indicating 
that the Fe-5.0Ni-0.30C alloy (red) exhibits a higher indentation yield strength than the Fe-5.1Ni-
0.13C alloy (blue). Also, the variance in the results is larger with the smaller indenter tip sizes. This 
variance can be attributed to a number of factors in the local microstructure including differences 
in carbon content, dislocation density, boundary density, and the crystallographic orientations of 




Figure 4.3: Examples of Load-displacement plots (a-f) using 1, 16, 100 μm indenter tip radius and indentation 
stress-strain curves (g-i) on both alloys: Fe-5.0Ni-0.30C (red) and Fe-5.1Ni-0.13C (blue). The highlighted 
segments in plots (d-f) indicate the elastic segment in load-displacement of each test. 
 
The means and the standard deviations of the measured indentation elastic moduli (Eind), 
indentation yield strengths (Yind) and indentation work hardening rates (Hind) are summarized in 
Table 4-2. The averages are plotted against the estimated primary indentation probe volume in 
Figure 4.4 (d-f), where the primary indentation volume is estimated as a cylinder of diameter of 2𝐻𝐻 
and the height of 2.4𝐻𝐻 [89]. Since the contact radius 𝐻𝐻 evolves with increasing indentation depths, 
a separate estimation is carried out at each loading level (i.e. each indentation depth or load 
applied). Indeed, the contact radius is estimated as a part of computing the indentation stress and 
strain values using Equation (2.18) (for further details of these computations the reader is referred 
to Refs [57, 89]). The diameter of the primary indentation probed volume for 1, 16, and 100 μm 
indenter tip size was found to cover the range from 100 nm to 4 µm at the 0.002 offset yield point 
63 
 
on the indentation stress-strain curves. At an indentation plastic strain of 0.015 (note that the data 
between yield and 0.015 strain level is used to measure Hind), the diameters of the probed volumes 
for the different indenter tip sizes cover the range from 140 nm to 11 µm. Clearly, these represent 
substantial ranges of microstructural features contained in the probed volumes which will be 
discussed in the following.  
 
Table 4-2: Statistics (means and standard deviations) of the mechanical property measurements from spherical 
indentation on alloys Fe-5.1Ni-0.13C and Fe-5.0Ni-0.30C using different indentation tip radii 
 
Figure 4.4 (d-f) indicates that changing carbon content from 0.13% to 0.3% has a smaller 
influence on elastic modulus, but a larger influence on the indentation yield strength and indentation 
work hardening rate measured with all three indenter tip sizes. These increases are quantified and 
summarized in Figure 4.5. The ratios of the indentation moduli, indentation yield strengths and 
indentation hardening rates for the two alloys were measured to be in the ranges of 1-1.1, 1.4-1.5, 
and 1.2-1.5, respectively. These observations can be explained by the fact that the elastic properties 
are dominated by characteristics of the atomic bonding, while the plastic properties are controlled 
by the various defects in the microstructure that include interstitial C atoms as well as carbon 
100µm 16µm 1µm 100µm 16µm 1µm
Indentation Modulus 
(Eind ), GPa




Strength (Yind ), Gpa
1.71 ± 0.33 1.67 ± 0.30 1.53 ± 0.46 2.53 ± 0.38 2.43 ± 0.44
2.17 ± 
0.53
Contact Diameter at 
Yind (2a), nm
4,187 ± 833 753 ± 140 115 ± 27 3,927 ± 863 739 ± 87 109 ± 24




442.8 ± 234.4 1.6 ± 0.1
64,409 ± 
35,320















1,712 ± 219 149 ± 30
9,576 ± 
1,309
1,554 ± 238 141 ± 30















clusters or early stage transition carbides, dislocations and the low-angle lath and high-angle block 
boundaries. The higher dislocation density and interstitial carbon content, as well as the finer 
microstructure in terms of lath sizes in the alloy with the higher carbon content (see Figure 4.1 and 
[51]) are in line with the observed increases in the indentation yield strength and the indentation 
work hardening rates.  
 
 
Figure 4.4: Multiple indentation stress-strain curves (a-c) from randomly selected locations capturing the 
variance in the measured responses using the different indenter tip radii in both sample alloys: Fe-5.0Ni-0.30C 
(red) and Fe-5.1Ni-0.13C (blue). The statistics (means and standard deviations) of extracted properties: 
indentation elastic modulus (d), indentation yield strength (e), and indentation work hardening rate (f) as a 
function of the primary indentation zone size. 
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An important observation from Figure 4.5 and Table 4-2 is the relative insensitivity of the 
indenter tip size on the measured indentation yield strengths. As mentioned earlier, a number of 
prior studies in literature [188-192] have reported increased hardness values with smaller 
indentation depths (and probe volumes). The results presented in this work show that the mean 
indentation yield strength obtained as 0.002 indentation plastic strain offset value is mostly 
insensitive to the indenter tip size. The very small decrease in the measured indentation yield 
strengths with the smaller indenter tips lies within the range of measurement variance. The 
measurements obtained in this work strongly suggest that the previously reported indentation size 
effect in literature (i.e., higher hardness at smaller indentation depths) is most likely a consequence 
of the analyses protocols employed in those studies. As mentioned earlier, most previous studies 
have reported hardness values (as opposed to the indentation yield strengths reported in this work) 
that correspond to non-standard values of imposed plastic deformation in the indentation 
experiment. 
 
Figure 4.5: Effect of carbon content on the mechanical responses of lath martensite in alloys Fe-5.1Ni-0.13C and 
Fe-5.0Ni-0. 30C. The ratio of the extracted values, from left to right, indentation elastic modulus, indentation 
yield strength, the diameter of the indentation primary zone at yield, Indentation work hardening, and the 




Figure 4.6 (a and b) shows all indentation stress-strain plots for different indenter sizes for 
both alloys. This provides a visual overview of the variance of the nanoindentation data as well as 
the indenter size effect on the material responses. Figure 4.6 also reveals a significant influence of 
the indenter tip size on the work hardening rate. To obtain a better insight into this effect, one needs 
to examine these in the context of the length scales of the microstructural features inside the primary 
indentation zone. As discussed before, the primary indentation zone can be approximated as a 
cylinder with diameter and height of 2𝐻𝐻 and 2.4𝐻𝐻, respectively [89]. The probed volumes for 1, 16, 
and 100 µm indenter tips at the indentation yield strength and 0.015 indentation plastic strain are 
schematically depicted on a representative ECCI micrograph of the martensitic microstructure for 
the Fe-5.0Ni-0.30C alloy, in Figure 4.6 c and d, respectively. This schematic illustrates that the 
primary indentation zone sizes at yield point and 0.015 plastic strain are typically smaller than the 
average lath thickness for the measurements with the 1 µm indenter tip size. This is because the 
indented zone size in these experiments is of the order of 112 ± 25 nm at yield (0.002 indentation 
plastic strain) and 146 ± 30 nm at 0.015 indentation plastic strain, while the average fine lath size 
is about 200 nm [187].  Therefore, the measurements with the 1 µm indenter tip are most likely 
from a single martensite lath, and in some cases might have included a single most probably low-
angle lath boundary in the indented zone. The diameter of the indentation probed volume for the 
16 µm indenter tip changes from 739 ± 87 nm to 1554 ± 238 nm, which is still in the order of the 
average lath size (including fine and coarse laths) and possibly includes a handful of low angle 
boundaries. In other words, the probed material volumes in the measurements with both 1 and 16 
µm indenter tips are mostly influenced by a small number of interfaces with mostly low 
misorientations. Therefore, it is not surprising that the averaged mechanical responses for both 
indenter sizes are very similar to each other, although the measurements with the 1 µm indenter tip 
exhibited a higher variance. On the other hand, the measurements obtained with the 100 µm 
indenter tip (shown in magenta in Figure 4.6) show a significantly higher strain hardening rate (see 
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also Figure 4.4 f and Table 4-2). It should be noted that the 100 µm indenters probed a volume 
which is larger than the average martensite block size (see Figure 4.6 d). The probed material 
volumes with the 100 µm indenter tip corresponded to length scales of about 4 µm at indentation 
yield to about 10 µm at an indentation plastic strain of 0.015. At these length scales, the indentation 
primary zone is likely to contain several high angle boundaries which are effective in impeding 
dislocation transmission [209]. It should also be noted that the high angle grain boundaries are 
likely to serve as potent dislocation sources (cf. [91]) and can contribute in a very effective manner 
to  the higher hardening rates measured with the larger indenter tips. Dislocation density and carbon 
distribution, however, equally affect indentation measurements at all scales studied, as the 









Figure 4.6: Multiple indentation stress-strain measurements at different lengths scales. Results from 1, 16, 100 
µm indenter tip sizes are plotted in orange, purple, and magenta (a, b). The schematic of the indentation zone 
size for each indenter tip in relation to the microstructural details for a vertical indentation direction is shown in 
the bottom with the same color code for Fe-5.0Ni-0.30C sample at two loading levels, when the yield occurs (c), 
and when 1.5% plastic strain is achieved (d). The width and height of the rectangular is 𝟐𝟐𝟐𝟐 and 𝟐𝟐.𝟒𝟒𝟐𝟐, 
respectively, where 𝟐𝟐 is the contact radius. 
 
Another important observation in this study is the presence of pop-ins in some of the 
indentation tests. Pop-in events have been reported previously [91, 111-113, 116] in load-control 
indentation tests, defined by a sudden jump in the displacement at roughly constant load. In prior 
studies using the same spherical indentation protocols used here, pop-ins were observed only in the 
fully-annealed metal samples studied with the smallest indenters [91, 113, 136, 210, 211]. They 
disappeared when the indenter tip size was increased or when the samples were given small 
amounts of plastic deformation [211]. As a result, the pop-ins observed in these studies were 
attributed to the activation of dislocation sources in the primary indentation zone [91, 111-113, 212, 
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213]. However, the mechanism behind pop-ins observed in the present study must be very different, 
because lath martensite exhibits a significant density of pre-existing dislocations (see Figures 1e 
and 1f).  
Another type of pop-in reported in literature is the grain boundary pop-in observed in 
indentation tests conducted near grain boundaries [113-119]. It is generally believed that these are 
caused by the pile-up of the dislocations produced in the primary indentation zone at the grain 
boundaries and their eventual transmission through the grain boundary. However, these grain 
boundary pop-ins were never observed in any of the previously reported spherical indentation 
measurements.  
In the present study, pop-ins were observed in the measurements conducted with the 1 µm 
and 16 µm spherical indenter tips. Typical examples are shown in Figure 4.7. These are identified 
as displacement bursts exceeding 1.5 nm. Interestingly, these pop-ins are distinctly different from 
those reported in the earlier studies on the fully annealed samples [91, 113, 136, 210, 211]. First, 
the pop-ins observed in the present study were significantly smaller. For example, the pop-ins 
observed in the fully annealed samples exhibited displacement bursts of 10-150 nm and 5-40 nm 
in the tests conducted with the 1 µm and 16 µm spherical indenter tips, respectively. However, the 
pop-ins observed in the present study exhibited displacement bursts of 1-4.5 nm and 1.5-7.5 nm in 
the tests conducted with the 1 µm and 16 µm spherical indenter tips, respectively. Not only are the 
displacement bursts significantly smaller, they also exhibited a completely different trend with the 
increase in the indenter tip size. The displacement bursts in the current study increase with indenter 
tip size, while the opposite was observed in the previous study. Second, the pop-ins in the 1 µm 
spherical indentation tests were observed after a significant amount of plastic strain was introduced 
in the primary indentation zone. These observations clearly suggest that the pop-ins are not caused 
by the lack of dislocation sources.  
Instead, the root cause for pop-ins seems related to the effect of grain boundaries with 
dislocation pile-up and eventual transmission at the lath interfaces or block boundaries. The contact 
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radius and the indentation stress are extracted at each pop-in event in the tests conducted with the 
1 µm and 16 µm indenter tips and plotted in Figure 4.8. The contact radius associated with the pop-
ins corresponds well with the average lath thickness. The dislocations are expected to interact with 
the dislocation arrays along lath boundaries before they are transmitted into in the neighboring lath. 
The range in displacement bursts between 1 and 7.5 nm might be related to the difference in 
dislocation transmission across high- and low-angle boundaries. High-angle block boundaries 
effectively hinder dislocation transmission due to the mismatch of adjacent slip planes, while low 
angle boundaries present a lesser obstacle to dislocation transfer [67, 75]. Another observation from 
Figure 4.8 is that the indentation stress for the pop-in events is higher for the tests with the 1 µm 
indenter tip compared to the 16 µm indenter tip. This can be explained by the fact that the stress 
gradient in the tests with the 1 µm indenter tip is significantly sharper compared to the tests with 
the 16 µm indenter tip. In other words, the stress fields with the smaller indenter decay extremely 
fast and consequently need to rise to higher levels before successfully transmitting the dislocations 
across the lath boundaries. It is also worth noting that pop-ins were not found in the tests conducted 
with the 100 µm indenter tip. It is reasonable that pop-ins disappeared in the indentation tests with 
the 100 µm indenter tip as one should expect a multitude of pop-in events occurring continuously 
in different parts of the indentation primary zone. The measured load-displacement curve simply 
reflects an averaged (smoother) response, where the individual pop-ins are no longer discernable. 





Figure 4.7: Examples of pop-ins in the tests conducted with the 1 and 16 µm indenters are presented as load-
displacement curves (a and b) and their corresponding indentation stress-strain curves (c and d). The black 




Figure 4.8: Indentation stress and contact radius for each detected pop-in in (a) Fe-5.1Ni-0.13C and (b) Fe-
5.0Ni-0.30C alloys. 
 
In addition to nanoindentation tests, uniaxial stress-strain measurements were obtained for 
both alloys from standard tensile tests which are presented in Figure 4.9 a. Two tensile tests were 
conducted for each alloy. The Fe-5.1Ni-0.13C alloy exhibits an average uniaxial yield strength of 
1029 MPa, while the corresponding value for the Fe-5.0Ni-0.30C alloy is 1319 MPa (Figure 4.9 a). 
To maintain consistency with the indentation measurements, the work hardening values are 
extracted from the early parts of the stress-strain curves. Using the stress-strain curves after the 
yield point and up to 0.015 plastic strain results in work hardening rates of 22.8 GPa and 32.6 GPa 
for Fe-5.1Ni-0.13C and Fe-5.0Ni-0.30C, respectively. The ratios of the yield strengths and the work 
73 
 
hardening rates for the two alloys (expressed as values for Fe-5.0Ni-0.30C over the values for Fe-
5.1Ni-0.13C) are 1.3 and 1.4, respectively. Note that these ratios are in excellent agreement to the 
corresponding ratios obtained from nanoindentation data (see Figure 4). This agreement in the 
ratios of the measured properties proves the accuracy and reliability of the spherical indentation 
stress-strain protocols employed in this work.  
It should be clear that the uniaxial stress-strain data cannot be compared directly with the 
indentation stress-strain data, as these impose very different plastic deformation fields in the 
sample. In a recent work based on finite element simulations employing isotropic plasticity models, 
Patel et al. [97] suggested scaling factors of 2.2, 2.0, and 1.3 for the stress, elastic strain, and plastic 
strain, respectively. These factors were used to scale the measured tensile stress-strain curves in 
Figure 8a to indentation stress-strain curves shown in Figure 4.9 b. The indentation stress-strain 
curves presented in Figure 4.9 b can be interpreted as data from indentation measurements in 
substantially large indentations, within the assumptions of an isotropic plasticity model for the 
effective material response. The scaled tensile stress-strain curves are superimposed on the 
indentation measurements in Figure 4.6 a and b. It is seen that the scaled indentation stress-strain 
responses from Figure 4.9 b are in reasonable agreement with the nanoindentation measurements 
for both alloys, at least up to small plastic strains.  
The scaled indentation yield strengths extracted from Figure 4.9 b are 2090 and 2612 MPa 
for the Fe-5.1Ni-0.13C and the Fe-5.0Ni-0.30C alloys, respectively, and are 22% and 3% higher 
than the indentation yield values measured with the 100 µm indenter tip for the Fe-5.1Ni-0.13C 
and the Fe-5.0Ni-0.30C alloys, respectively. The scaled work hardening rates extracted from Figure 
8b for the two alloys are 43.3 and 68.2 GPa, which are very close to the average values measured 
with the 1 µm and 16 µm indenter tips.  However, the hardening rates measured with the 100 µm 




Figure 4.9: Mechanical responses of Fe-5.1Ni-0.13C and Fe-5.0Ni-0.30C alloys from uniaxial tension test (a) and 
the same results after conversion using scaling factors to obtain indentation stress and indentation strain (b). 
 
The comparisons presented above between the properties measured in indentation and 
tension tests provide several key insights. They demonstrate good agreement for the measured yield 
strengths and elastic moduli in the different testing modes. To this end, the indentation protocols 
developed and presented in this paper provide a new set of reliable and robust tools to assess 
mechanical properties of hierarchical microstructures such as lath martensite in steels. Yet, it is 
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clear that the hardening rates measured with the 100 µm indenter tip are significantly higher 
compared to those measured with tensile tests. There could be a number of reasons for this: (i) the 
deformation imposed in indentation is indeed highly heterogeneous and exhibits strong gradients. 
Consequently, it is possible that the indentation hardening rates will always be higher than those 
measured in tension. (ii)  the tensile tests were conducted with a nonstandard sample geometry 
where the gage length/width ratio was slightly less than 4.0. This might have introduced a small 
inaccuracy in the measured tensile stress-strain curve. (iii) Tensile stress states might promote early 
damage initiation and result in a lower hardening rate compared to indentation tests with a 
significantly higher negative hydrostatic stress component. (iv) The discrepancy in work hardening 
rates measured with indentation and tensile testing shows that the rather simplistic scaling approach 
cannot sufficiently account for the complex plastic response of lath martensite at the length scale 
of multiple prior austenite grains that was previously analyzed by the authors [65].  
4.1.5. Summary 
The mechanical properties of lath martensite in Fe-5.1Ni-0.13C (wt.%) and Fe-5.0Ni-
0.30C (wt.%) alloys were systematically investigated at multiple length scales with spherical 
nanoindentation stress-strain protocols as well as standard tensile tests. Consistent results from the 
indentation measurements with indenter tip radii ranging between 1 µm and 100 µm as well as from 
the standard macroscale tensile tests attest to the reliability of the applied indentation protocols for 
studying hierarchical microstructures such as martensitic steels. The results provided reliable data 
on the indentation yield strength of lath martensite as a function of carbon content with only 3% 
and 22% deviations compared with tensile testing of the Fe-5.1Ni-0.13C (wt.%) and Fe-5.0Ni-
0.30C (wt.%) alloy, respectively. The work hardening rates measured in indentation tests with the 
100 µm indenter tips are significantly higher than those measured with the 1 µm and 16 µm indenter 
tips, as well as those measured in tension tests. The discrepancy in work hardening measured with 
different indenter tip sizes is attributed to the presence of high angle block boundaries in the 100 µm 
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indenter tip probed volumes. The discrepancy between values obtained by 100 µm indentation and 
tensile tests is regarded as an inherent limitation due to the microscopic probe volume compared 
with macroscopic tensile samples. Yet, both indentation and tensile results consistently showed that 
increasing the carbon content from 0.13 to 0.3 wt.% increased the yield strength by ~42-48% and 
the work hardening by ~27-47%, while the elastic modulus showed a small increase of only ~5%.  
The level of consistency achieved in this study suggests that the indentation size effects on 
indentation yield strengths reported in prior literature are largely a consequence of the analysis 
protocols employed in those studies. The higher spread in the indentation data at lower length scales 
is attributed to the heterogeneity of the microstructure in terms of lath size, dislocation density and 
carbon distribution. Therefore, a sufficiently large indenter tip is required to obtain the bulk 














4.2. Establishing process-structure-property linkages in multiphase metals: Application to 
dual-phase steels 
4.2.1. Introduction 
The main goal of this work is to explore the viability of high throughput experimental 
assays for establishing PSP linkages in multiphase polycrystalline metals, while utilizing small 
sample volumes and leveraging some of the recent advances described earlier (i.e., spherical 
microindentation stress-strain protocols and the framework of 2-point statistics). We have selected 
DP steels for this study because of their importance to several advanced technologies, owing to 
their excellent combination of continuous yielding behavior, high tensile strength, high work-
hardening rate, and good ductility [38, 41, 45, 47, 51, 62, 63, 66, 166-174]. These properties are 
generally achieved in DP steels through a special heat treatment process called intercritical 
annealing [36, 52, 64, 65, 67, 167, 171, 214] during which the material is heated up to the 
austenite/ferrite region, held for a certain amount of time, and quenched to room temperature. 
Intercritical annealing results in formation of hard particles of martensite (α’) in a soft matrix of 
ferrite (α) grains. This step is usually followed by additional cold work and heat treatment called 
bake hardening (BH [50, 66, 166, 169, 172-174, 214-222]; cf. Figure 4.10) to achieve the desired 
combination of mechanical properties. The main mechanisms involved in this overall 
thermomechanical process are as follows: (i) Introduction of mobile dislocations in ferrite grains 
at the vicinity of α/α’ interfaces ([47, 62, 67, 166, 169, 170, 216, 223-225]; see Figure 4.10 b), 
generally attributed to the volumetric plastic strains induced during the austenite to martensite 
transformation that occurs during the quenching from high temperature. This hypothesis is 
supported by transmission electron microscopy (TEM) observations [66, 172, 223, 224, 226] of 
higher densities of mobile dislocations in the ferrite matrix close to α/α’ interfaces and the 
continuous yielding behavior exhibited by the DP steels. (ii) Formation of tangled networks of 
dislocations during the imposed plastic deformation, resulting in higher work hardening rates [166, 
168, 172, 217, 223, 224] (see Figure 4.10 c). (iii) Pining of dislocations, relieving residual stresses, 
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and tempering martensite during the bake hardening process through diffusion of carbon atoms [66, 
169, 170, 172, 173, 216-219, 221-223, 227] (see Figure 4.10 d). As one might expect, the final 
properties exhibited by DP steel are critically dependent on the extent of the different mechanisms 
described above, which in turn depend critically on the process parameters employed in the 
production of the DP steel. 
 
Figure 4.10: Schematic of a dual phase steel processing path and the expected strengthening mechanisms in each 
step of the thermo-mechanical process. 
 
It is therefore clear that the process space (this is the set of all combinations of process 
parameters that could be utilized) to be explored in optimizing the set of final properties of interest 
in DP steels is extremely large. Consequently, high throughput assays mentioned earlier, if 
successfully employed, could produce dramatic acceleration in the deployment of these alloys in 
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emerging technologies. In this work, we have formulated a foundational framework for the 
development of high throughput assays for establishing PSP linkages in advanced structural metals 
and alloys, and demonstrated its successful application to a selected process space in DP steels. 
4.2.2. Sample Prototyping  
The first step in the assays described in this paper is the high throughput prototyping of a 
sample library. Since our intent is to use indentation techniques for measuring plastic responses, 
we need to produce only small quantities of the material (no significant stipulations on sample 
shape either) for each selected material chemistry and/or process history. In this study, we decided 
to select a single chemical composition, and allow for variations in the thermo-mechanical 
processing history.  
A four millimeter strip of low carbon steel with a chemical composition (in wt.%) of 0.15C, 
1.4Mn, 0.04P, 0.04S was secured and used in this study. The strip was cut into coupons of 10 mm 
× 20 mm × 4 mm. All of the coupons were heat treated at 450 ºC for 2 hours in order to produce an 
annealed microstructure, which then served as the starting material for the study described here. 
Table 4-3 (cf. Figure 4.10) summarizes the different processing histories included in this study, 
which were selected following the studies published in prior literature [38, 45, 47, 50, 51, 63-65, 
67, 169, 170, 172, 173, 216, 228-232]. In the intercritical annealing process, the samples are heated 
to the specified temperature in a salt bath furnace (taking them into the austenite/ferrite region), 
held for 4 minutes, and quenched in an oil bath. Subsequent to the intercritical annealing, plane 
strain deformation was applied by rolling, and was followed by bake hardening at 170 ºC for 20 
minutes and quenching in water to the room temperature. As described in Table 4-3, three different 
intercritical annealing temperatures (750, 780, and 810 ºC) and three amounts of total thickness 
reduction (0, 5, and 10%) were selected for this study. This resulted in nine different processing 
conditions, with the sample labelling (see Table 4-3) capturing the processing history information. 
As an example, sample 750-05-170 indicates an intercritical annealing temperature of 750 ºC and 




Table 4-3: Sample library and the labelling scheme employed in this study. The label includes information on 
intercritical annealing temperature, amount of cold work. and bake hardening temperature. 
 
 
It is emphasized here that the time and effort expended in sample prototyping for the 
present study are minimal because the assays we intend to use do not pose stringent requirements 
on either the size or the shape of material volumes to be produced in each different processing 
history. In the present study, all of the sample prototyping was completed by one person in about 
100 hours.   
4.2.3. Spherical Microindentation Stress-Strain Protocols 
As mentioned earlier, most of the prior work on indentation stress-strain curves has been 
focused on evaluating the plastic response at length scales that were significantly smaller than the 
grain size [53, 55, 56, 58-60]. Only recently, these protocols have been extended to 
microindentation, where the length scales correspond to several grains (about 10-1000) in the 
indentation zone [95]. For microindentations conducted in the present study, we utilized a 
customized Zwick-Roell Z2.5 hardness tester with a 6.35 mm radius tungsten-carbide spherical tip. 
A constant crosshead speed of 0.1 mm/min was utilized in all the tests reported here.  
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An example indentation stress-strain curve produced in this work is plotted in Figure 4.11 
(b), which corresponds to sample 750-10-170. In this test, there were 20 unloading segments. The 
sample elastic modulus, 𝐸𝐸𝑠𝑠, is estimated from the initial elastic loading segment (shown highlighted 
in red in Figure 4.11 (a)). The sample Young’s modulus estimated from this indentation 
measurement is 207.8 GPa. The indentation yield strength defined based on 0.2% offset on the 
indentation stress-strain curve using an indentation modulus of 𝐸𝐸𝑠𝑠
1−𝑣𝑣𝑠𝑠2
, was estimated to be 1191.2 
MPa for this sample. Indentation results from the multiple tests (at least 10 tests on each sample) 
conducted in this work are summarized in Table 4-4. The average Young’s modulus for all 
indentation measurements on all samples was 201.4 GPa with a standard deviation of 14.2 GPa, 
which compares well with reported Young’s modulus in literature for steel from conventional 
tensile testing [233]. It is important to recognize that the indentation zone in the experiments 
reported here is sufficiently large to include multiple microstructural features, including ferrite and 
martensite regions. This is illustrated in Figure 4.12 for sample 750-00-000, where the estimated 
indentation zone sizes are delineated both at yield and at the end of the indentation test. The solid 
line circle in Figure 4.12 (a) shows the estimated indentation zone size at the end of test, and the 
dashed line circle corresponds to the zone size at the indentation yield point. The image on right, 
Figure 4.12 (b), is an SEM image taken on the same sample, whose size was made to correspond 
to the contact area at indentation yield. As one can see, the indentation area is large enough to 
justify the measurements reported here as measurements of the bulk mechanical response of the 
sample, especially keeping in mind that multiple indentations are conducted on each sample and an 
average is reported for all indentations conducted on the sample (see Table 4-4). An estimate of the 
number of grains in the indentation zone can be obtained assuming a cylindrical primary 
indentation zone of radius 𝐻𝐻 and height 2.4𝐻𝐻 [89]. The contact radii 𝐻𝐻 at the yield point are listed 
in Table 4-4 for all tests. Considering the average grain size (30 µm) for the material tested and an 
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average contact radius at yield in the range of 142-182 µm (see Table 4-4), the number of grains in 
the primary zone is estimated to be in the range of 190-400 grains. 
 
Figure 4.11: Example microindentation load-displacement curve, and indentation stress-strain curve for a test 








Table 4-4: Comparison of the indentation yield strength, the indentation elastic modulus, and the contact area at 
yield point between samples subjected to different thermo-mechanical treatments. At least ten measurements 
were made on each sample. 
 
 
It is clear from Table 4-4 that the strength of the DP steel is largely controlled by the amount 
of both martensite and the imposed cold work. Increasing the amount of martensite (by means of 
quenching from higher intercritical annealing temperatures) results in strengthening of the DP steel. 
For example, the indentation yield strength, 𝜎𝜎𝑌𝑌𝑖𝑖𝑖𝑖𝑑𝑑, increases from 899.5 ± 62.9 MPa to 1168.6 ± 
186.8 MPa, when the quenching temperature is increased from 750 ºC to 810 ºC. The same trends 
can be seen even after 5% and 10% cold work and bake hardening were applied. These trends are 
consistent with the observed results in literature [45, 51, 66, 169, 174, 218, 219, 221, 230]. 
Although, it is possible to establish suitable conversion factors to estimate uniaxial yield values 
from the indentation yield values [100], this was not pursued in the present work as the focus in 




Figure 4.12: a) An optical micrograph showing the size of indentation after unloading, dashed line circle shows 
the estimated size of the contact area at yield. b) A representative BSE image with the same size as the area 
indicated by the dashed line. 
 
It is emphasized here that the sample preparation for the microindentation tests reported 
here is identical to the sample preparation used for microstructure characterization (described next). 
In other words, the same sample preparation is used for both aspects of the study, leading to 
substantial economy in both time and effort expended.  
4.2.4. Microstructure Characterization  
The next step in the assays employed in this work focused on microstructure 
characterization. In prior literature, the most common approaches employed in microstructure 
characterization of DP steels included optical microscopy [36, 38, 45, 51, 64-66, 170, 214, 230-
232], scanning electron microscopy [36, 41, 42, 47, 51, 63, 214, 230, 232], and electron back-
scattered diffraction (EBSD) [47, 48, 234-238]. While each of these techniques has demonstrated 
certain advantages over the others for highlighting specific aspects of the microstructure, our goal 
here is to identify and employ the protocols that give us the best chance at establishing reliable PSP 
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linkages. Furthermore, we also desire to minimize the overall effort required so that we can 
maximize the potential for high throughput.  
After a careful consideration of the relative merits of the different protocols, it was decided 
to employ the EBSD technique for the present study. In addition to mapping lattice orientations in 
ferrite regions and indirectly identifying martensite regions (based on very poor diffraction 
patterns), the EBSD technique provides critically needed information on the extent of deformation 
pinning (in the ferrite grains next to the martensite grains; cf. Figure 4.10) through an analysis of 
the lattice misorientations. Consequently, although the use of the EBSD technique represented a 
time and effort intensive option for the present study, it was deemed essential as the other 
microscopy techniques are incapable of capturing any relevant information on the extent of pinned 
dislocations in the samples. It is emphasized that some measure (even if it is an indirect measure) 
of the pinned dislocation density is essential to correlate to the plastic properties of the sample.  
EBSD scans were carried out in a field emission gun scanning electron microscope at 20 
kV. Samples were prepared (for both EBSD and indentation studies) using standard metallography 
protocols. This involved grinding with silicon carbide papers down to grade 4000, and polishing 
sequentially with diamond suspensions of 3 µm, 1 µm, and OP-A alumina suspension. The final 
step in sample preparation was electro-polishing using A3 Struers electrolyte at 5 ºC.  
Several scans (around 9 or 10) were collected on ND plane on all samples with 1µm 
resolution. It was also decided to keep the scan size consistent with the primary indentation zone 
in the mechanical characterization described earlier. The EBSD scan size was selected to be 
400×400 µm2. This is important because one of the goals of this study is to find linkages between 
indentation yield strength, 𝜎𝜎𝑌𝑌𝑖𝑖𝑖𝑖𝑑𝑑, and the microstructure. Just as we conducted multiple indentation 
measurements on each sample, we have also conducted multiple EBSD scans on each sample to 
allow for the quantification of variance.  
The collected raw data was post-analyzed using TSL OIM© software. Example EBSD 
scans obtained for different samples in our sample library are shown in Figure 4.13. In these figures, 
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multicolored regions represent ferrite grains whose lattice orientations have been mapped out with 
a 1µm spatial resolution and martensite regions are colored black. One can see that the martensite 
mostly forms at grain boundary regions and triple points. The amounts of martensite appear to 
increase with quenching from a higher intercritical temperature (from top row to the bottom row in 
Figure 4.13). Furthermore, a close inspection of the EBSD scans in Figure 4.13 reveals that samples 
subjected to higher deformation levels show significantly higher levels (and extent) of in-grain 
misorientations (i.e., compare left side maps with right side ones in Figure 4.13). The main 
implication here is that the misorientation fields in the samples do capture some information on the 
extent of pinned dislocations and their spatial distributions in the microstructure. This information 





Figure 4.13: A sampling of microstructures produced in the present study. 
 
Figure 4.14 shows 𝜑𝜑2= 45o section of the orientation distribution functions (ODFs) for all 
samples produced in this study. All textures depict α fiber, β fiber, and cube components. Applying 
deformation by means of cold work moves the strongest texture component from the {001}〈110〉 
α fiber component to the {111}〈110〉 β fiber component. It is seen that the differences in texture 




Figure 4.14: Ferrite textures in the 𝝋𝝋𝟐𝟐= 45 degree section of the ODF for the different samples produced in this 
study. 
 
As it was mentioned earlier, EBSD technique was chosen for this study because it provides 
information about phase as well as the extent of pinned dislocations (as indicated by local 
orientation gradients in the ferrite). In the case of DP steel, martensite can be identified based on 
low values of CI (confidence index) and IQ (image quality) [47, 48, 234, 235, 237, 238]. The poor 
quality of diffraction patterns in martensite is generally attributed to the high density of defects in 
these regions. More importantly, as the DP steel is deformed, dislocations accumulate at the 
martensite-ferrite boundaries producing significant local gradients in the lattice orientations (see 
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the right column in Figure 4.13). In other words, a suitable measure of the local orientation 
gradients can serve as an indicator of the local (microscale) hardening in the sample.  
Currently used measures of in-grain misorientations can be broadly grouped as either grain-
based or kernel-based approaches. Grain based approaches such as GOS (grain orientation spread) 
[239-241], GAM (grain average misorientation) [239, 241] estimate an average value of 
misorientation based on all measurements within one grain. In contrast, in kernel based approaches 
such as KAM (kernel average misorientation) [225, 242-244], quantities such as local average 
misorientation and local misorientation spread are computed at each grid point in the measurement 
scan. Clearly, the KAM is a better indicator of the local hardening in the microstructure.  
KAM is defined as the average misorientation between the orientation at the center of the 
kernel and all its neighbors (Figure 4.15 (a)). In this approach, misorientations that exceed some 
tolerance value (maximum misorientation, 5°) are excluded from the averaging calculation, to 
avoid erroneous consideration of neighbors across a grain boundary. The distributions of KAM 
values recovered from the EBSD scans for the different samples in our sample library are shown 





Figure 4.15: (a) Schematic of KAM definition for each pixel in the EBSD scan. (b) KAM distributions for the 
samples studied. (c) and (d) IPF maps from selected areas  in samples with and without cold work. (e) and (f) 
Corresponding KAM maps identifying regions with KAM values larger than 0.8 in blue. 
 
For the quantification of each microstructure, we need to make a judicious selection of the 
local states to be included in the analyses. Local states denote attributes needed to assign the local 
properties associated with each voxel of the microstructure. For the samples studied, the local state 
would be ideally defined by a combination of the phase identifier (i.e., ferrite or martensite), the 
lattice orientation, the KAM value, among several other potential attributes. It should, however, be 
recognized that adding more local state attributes will exponentially increase the effort expended 
in arriving at PSP linkages of interest. Therefore, it behooves us to make smart choices in the 
selection of local states.  
In the present study, we have decided to include only the phase identifier and the KAM as 
the local state attributes. Since the texture in the sample did not change appreciably between the 
different processing histories employed in the study, the lattice orientation was not included as a 
local state variable in each voxel. This is also partly because the inclusion of the lattice orientation 
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as a state variable increases dramatically the effort involved in microstructure quantification [76, 
78], which is not justified when there do not exist significant differences in crystallographic and/or 
morphological textures in the ensemble of samples studied. Finally, it was also decided to use a 
discretized representation of the KAM value in the microstructure quantification pursued in this 
work. Based on the histograms shown in Figure 4.15 (b), it was decided that a KAM value of 0.8º 
or more would be labelled as “deformed ferrite”, while KAM values lower than 0.8º would be 
labelled as “undeformed ferrite”. Note that 95% of the KAM values in all samples quenched at 750, 
780, and 810 ºC (without any cold work) exhibited values below 0.8º (see Figure 4.15 (b)), 
justifying the selection of this value. 
As a consequence of the simplifications introduced above, each voxel in the microstructure 
is assigned to one of three discrete local states: martensite, deformed ferrite, or undeformed ferrite. 
Although one might raise objections to such gross simplifications, it is important to recognize and 
understand that a much more detailed quantification of the microstructure may actually be not 
warranted in the present study. Indeed, we will demonstrate that this simple selection of local states 
is adequate in the present study to establish reliable PSP linkages of interest. Of course, as one 
expands the processing windows to be included in the PSP linkages being formulated, one would 
need to add additional attributes in the description of the local states.     
Figure 4.15 (c) and (d) show selected areas of the measured IPF maps for 750-00-000 and 
750-10-170 samples. Figure 4.15 (e) and (f) show the corresponding discretized microstructures 
employed in the quantification of the material structure in this study. As noted earlier, these 
microstructures have only three discrete states, which are colored black, white, and blue in Figure 
4.15 (e) and (f). Note the increase in the number of blue voxels, especially near the martensite 
interfaces, in the 750-10-170 microstructure compared to the 750-00-000 microstructure. 
In this study, we will employ the framework of 2-point statistics to quantify the 
microstructures generated in this work. Since, the microstructures studied here have three local 
states, a total of nine 2-point spatial correlations can be defined. Three of the computed 2-point 
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correlations for sample 780-10-170 are shown in Figure 4.16, along with the original EBSD scan 
and the discretized microstructure. The autocorrelation of the martensite (colored black), the 
autocorrelation of the deformed ferrite (colored blue), and the cross-correlation of the martensite 
and the deformed ferrite are shown in Figure 4.16 (c), (d), and (e), respectively. These spatial 
statistics maps contain a tremendous amount of information about the morphology and distribution 
of the local states in the microstructure. For example, the center peaks in the autocorrelations 
provide the volume fraction information. Consequently, it can be seen that the volume fractions of 
martensite and deformed ferrite are 0.45 and 0.276, respectively, for the microstructure shown in 
Figure 4.16. The contours in the center of the autocorrelation plots provide quantitative information 
on the shape of local state field in the microstructure. One can also extract a large number of 
conventional microstructure measures from these plots [30, 31], and even reconstruct the original 








Figure 4.16: (a) An IPF map from the sample 780-10-170. (b) A map showing the three local states selected for 
the study - martensite as black pixels, deformed ferrite as blue pixels, and undeformed ferrite as white pixels. (c) 
Autocorrelation of martensite, (d) autocorrelation of deformed ferrite, and cross-correlation of martensite and 
deformed ferrite. 
 
As discussed before the quantification of microstructures using the framework of 2-point 
statistics produces a very large vector of descriptors for the microstructure (every voxel in each of 
the correlation maps would be an entry in this vector). For the present case study, PCA was 
performed on a total of 81 EBSD scans (nine scans for each of nine process histories). The analyses 
indicated that only two PC scores (see Figure 4.17) are adequate to capture 99.4% of the variance 
between the different microstructures in this ensemble (i.e., all 81 scans included in the study). In 
other words, only two numbers (i.e., the first two PC scores denoted as PC1 and PC2) are adequate 
to distinguish each of the microstructures produced in this study. This is indeed a remarkable 
dimensionality reduction, and to the best of our knowledge, unmatched by any other existing 




Figure 4.17: The individual and cumulative variances from the PCA for the first 3 principal components shows 
that PC1 and PC2 carry 99.4% of the total variance in the dataset. 
 
For microstructures with three local states, only two of the nine 2-point spatial correlations 
would be independent [72], if the boundaries of the microstructure were treated as periodic. 
However, through repeated trials of the PCA described above, we observed that using the two 
autocorrelations and the cross-correlation shown in Figure 4.16 provided a good separation between 
the microstructures of each of the nine groups of samples. 
 Figure 4.18 shows all of the microstructures included in the present study in the low 
dimensional PC space, where each point represents one microstructure. The interclass (nine 
different processing histories) and the intraclass (nine microstructures from each sample) variances 
are clearly discernable in this plot. Furthermore, one should note that the variance in PC1 is higher 
than the variance in PC2 for the ensemble of microstructures studied. It is observed that the 
intraclass variance for the deformed samples is higher than the intraclass variance for the 
undeformed samples. Most importantly, one can discern trends in the microstructure evolution by 
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following the centroids of each class of microstructures. For example, one can capture 
quantitatively the effect of quenching temperature by following the dashed lines. Similarly, one 
can follow the effect of cold work by following the solid lines in this figure. These trend lines can 
be called processing paths or processing streamlines, as they capture quantitatively the salient 
aspects of the influence of process parameters on the evolved microstructures. It is indeed 
remarkable that a simple data-driven approach involving 2-point spatial correlations and PCA can 
capture so much detail with just two PCs. 
 
Figure 4.18: Low-dimensional representation of the entire ensemble of 81 micrographs obtained from PCA, 
colored by the different processing histories. Solid lines capture the influence of cold work, while the dashed 
lines show the effect of the intercritical annealing temperature. 
 
4.2.5. Extraction of PSP Linkages 
Building on the low dimensional structure representation obtained in the previous section 
(i.e., PC1 and PC2), we are now in a position to establish PSP linkages of interest. For the present 
case study, the process parameters are taken as the intercritical annealing temperature (T) from 
which the samples are quenched, and the imposed thickness reduction during the rolling process 
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(D). The desired process-structure linkages are then established using least squares regression and 
cross-validation techniques [68], which resulted in a second-order polynomial fit expressed as  
 
𝑃𝑃𝐶𝐶1 =  −5612.478 + 14.089 𝑇𝑇 − 5.138 𝐷𝐷
+ (15.308 (𝐷𝐷 × 𝑇𝑇) − 8.862 𝑇𝑇2 − 332.461) × 10−3 
(4.1) 
 
𝑃𝑃𝐶𝐶2 =  −2734.355 + 6.665 𝑇𝑇 − 1.682 𝐷𝐷
+ (1.823 (𝐷𝐷 × 𝑇𝑇) − 4.035 𝑇𝑇2 − 131.892) × 10−3 
(4.2) 
The accuracy of these models is displayed as parity plots in Figure 4.19, where each point 
corresponds to one process history (i.e., the average of all 9 scans from each sample).  
PC1 and PC2 denote the strengths of certain spatial patterns in the microstructure. These 
patterns are visualized in Figure 4.20. The first column in this figure shows the ensemble average, 
while the second and third columns depict the patterns captured by PC1 and PC2, respectively. In 
the PC space, each microstructure is approximated as a weighted deviation from the ensemble 
average (see Eq. (11)) using the 𝜑𝜑𝑖𝑖𝑟𝑟 (plotted in second and third columns of Figure 4.20) as an 
orthonormal basis. As an example, as PC1 is increased, it is seen (from the second column in Figure 
4.20) that the volume fractions of martensite and deformed ferrite will both increase, and the 
martensite regions will become more elongated in the horizontal direction. Likewise, when PC2 is 
increased, there is an increase in the volume fraction of martensite accompanied with a decrease in 
the volume fraction of the deformed ferrite, while making the martensite regions more equiaxed. 
Of course, there is a lot more information embedded in the basis maps shown in Figure 4.20, which 
actually contributes to the remarkable efficacy of PCA in arriving at the low dimensional 
representation employed in this study. There currently do not yet exist any systematic approaches 




Figure 4.19: The accuracy of process-structure linkages established in this work using data science approaches. 
The process variables included the intercritical annealing temperature (T) in °C and the amount of cold work 
(percentage of thickness reduction) from rolling process. Each point is an ensemble average of 2-point statistics 
of all scans from one processing history. 
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The approach described above can also be applied to establish a structure-property linkage. 
For the present case study, the recovered structure-property linkage is expressed as 
 𝜎𝜎𝑌𝑌𝑖𝑖𝑖𝑖𝑑𝑑 = 1156.4 + 9.2 (𝑃𝑃𝐶𝐶1) + 5.5(𝑃𝑃𝐶𝐶2) (4.3) 
where 𝜎𝜎𝑌𝑌𝑖𝑖𝑖𝑖𝑑𝑑 denotes the yield strength of the material measured in the indentation protocols 
described earlier. The accuracy of this linkage is depicted in the parity plot shown in Figure 4.21. 
 
Figure 4.20: The ensemble average and the first two PC basis (𝝋𝝋𝟏𝟏𝟏𝟏and 𝝋𝝋𝟐𝟐𝟏𝟏; see Eq. (11)) computed in the PCA 





Figure 4.21: The accuracy of the structure–property linkage established in this work using data science 
approaches. The property captured is the indentation yield strength. Each point is an ensemble average of all 
measurements from one processing history. 
 
The reader is reminded that the linkages developed here are data-driven. One of the 
implications is that the PSP linkages built here will change when new data is added. This is to be 
expected, especially since we used only nine different processing histories in this study. When a 
substantial amount of data becomes available, we could expect the PSP linkages to become stable 
(i.e., there would be no need to change the PSP linkages with the addition of new data points). This 
indeed is the most attractive feature of the protocols described here. They allow a coordinated effort 
by research groups and/or investigators in ways that leverage all available data and minimize 
redundant effort in establishing such linkages. Furthermore, with the use of high throughput 
strategies, such as the indentation methods described in this paper, it is conceivable to aggregate 
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PSP linkages of high value to the scientific community at dramatically accelerated pace compared 
to the conventional approaches used currently.  
4.2.6. Summary 
In this study, we have formulated and demonstrated novel high throughput assays for 
extracting data-driven, high value, PSP linkages in complex multiphase structural alloys such as 
DP steels. These new protocols utilized spherical indentation stress-strain measurements, 2-point 
spatial correlations, principal component analysis (PCA), and regression techniques. Following are 
the major findings from this study: 
Spherical indentation is a reliable high throughput tool for probing the changes in the yield 
behavior of dual phase steel processed at different intercritical annealing temperatures and different 
amounts of cold work applied before bake hardening. While indentation elastic modulus showed 
only small variations as expected, indentation yield strength varied significantly with the processing 
history. This is attributed to the many changes induced in the microstructure of the sample with the 
processing history. These have included not only changes in the volume fractions of the different 
constituents, but also their spatial distributions. Additionally, the spatial distribution of the 
dislocation content at the martensite/ferrite interface also played an important role in controlling 
the final plastic yield values in the sample.  
The application of PCA on the 2-point correlations provided a rigorous framework for 
objective, low-dimensional, quantification of the microstructures in DP steels. In this work, this 
protocol was applied only on the phase and misorientation information. The protocol found that 
only two PCs are needed to distinguish the microstructures studied and establish reliable PSP 
linkages. However, the framework is highly extensible for including more details of the 




Chapter 5 Application to Ti-Based BMG MCs 
This chapter presents the application of the high throughput indentation testing and 
microstructure quantification protocols in Ti bulk metallic glass matrix composites (Ti BMG-MC). 
These alloys are still under development in order to find the best fabrication parameters as well as 
overall chemical composition for the final performance of interest. The manufacturing cost for 
these alloys are very high even at laboratory scale, and therefore the exploration of wide range of 
composition and processing parameters in a short time is very limited and is not practical. As it was 
mentioned before, statistical evaluation of the mechanical response for a new material at different 
processing condition is a costly process. The cost is mainly for producing large amount of materials 
at different processing condition, and then testing each sample bar one by one to evaluate the 
influence of composition and the processing parameters. Hence, as one can see, utilizing fast 
screening mechanical testing protocols, such as indentation, is inevitable in exploring large design 
spaces in material chemistry and process histories. In addition, BMG-MC material systems can 
represent all different types of composite materials whether the reinforcement particles or fibers 
are added to a matrix material or they are fabricated naturally during thermal treatments. In the 
latter case the challenge would be in locating tiny particles to conduct a test. Then it will be possible 
to perform indentation testing with different tip diameter to evaluate bulk mechanical response as 
well as individual constituent’s responses. This will be the main challenge that we are addressing 
in this chapter. Given our interest in covering a very large window of material chemistries and 
process histories in Ti-BMG MC material systems, it is also clear that the protocols need to be high 
throughput. Such measurements are critical for the validation and calibration of multiscale 
materials models used in tailoring the material properties for any targeted application. To the best 
of authors’ knowledge, the elastic-plastic responses of the individual phases in such composites 
have not been measured and reported in current literature in a systematic meaningful manner. This 
chapter contains two sections; 
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a) Multiscale mechanical characterization of both crystalline and amorphous phases 
b) Developing protocols in establishing processing-structure-property linkages for 
indentation yield strength property 
In the first step, both nanoindentation and microindentation tests were conducted to 
evaluate the mechanical responses at two distinct length-scales in four different Ti-based BMG MC 
alloys. In nanoindentation, the aim is to measure mechanical response of each crystalline and 
amorphous phase by using a spherical 1µm tip radius. The locations for indentation on each phase 
were identified using SEM images and an optical microscope. Then, composition effects on 
individual phases were investigated at two length-scales in both phases. In addition, more detailed 
analysis was performed on the indentation tests to shed light on the deformation mechanisms in the 
amorphous phase. Utilizing these high throughput protocols, we report for the first time a large 
number of indentation stress-strain measurements from both the crystalline and amorphous regions 
in four differently processed BMG-MC samples. The set of measurements is large enough to 
characterize the local responses of the individual constituent phases in the samples in a statistically 
meaningful manner. More importantly, it will be shown that these new protocols can produce 
quantitative and meaningful insights into the driving forces responsible for microscale shear 
banding in the samples studied. 
In the second step, the local mechanical properties were assessed using a microindenter 
using a 500µm tip radius. This tip size was selected considering the high strength of the alloys and 
the load limit in the microindentation machine. In order to establish process-structure-property 
linkages, approaches similar to those taken in the previous chapters are applied. However, this time, 
we tried not to build these linkages based on the average properties and the ensemble average of 
the microstructure. Instead, microstructure images at indentation locations were captured by SEM 
before indentation testing. Since the SEM data collection is faster than EBSD technique, larger 
surrounding areas of indentation sites were imaged as well and added to the analysis. Using this 
approach, short-and long-distance variation in the microstructure could be captured. In addition, 
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incorporating more images in the protocol of using 2-point statistics and PCA analysis, provides 
more stable bases for the PC frame. And therefore, it becomes less sensitive to adding new images 
of these alloy’s microstructure later in the analysis. 
5.1. Introduction 
Bulk metallic glass matrix composites (BMG-MC) have shown a remarkable combination 
of high specific strength and high specific fracture toughness compared to other metallic systems, 
making them excellent candidates for several advanced technologies [245-251]. A large number of 
experimental and computational studies have reported the influential role of microscale shear 
banding on the plastic response of the amorphous phases. However, experimental protocols needed 
for reliably extracting a quantitative fundamental understanding of the driving forces responsible 
for this deformation mechanism have not yet been established and demonstrated; this constitutes 
one of the main hurdles in the exploitation and further development of the bulk metallic glasses 
[252-260]. The gap is even more acute for BMG-MCs, where the size, distribution and volume 
fraction of the crystalline and glass phases vary significantly with both chemistry and the process 
histories. Several studies have reported effective (bulk) mechanical properties of various metallic 
glass alloys measured using standard test methods such as the simple compression test [261-266], 
tension test [266-269], and bending test [269-273]. In several of these studies, researchers have 
presented qualitative observations of microscale shear banding and its effect on the measured 
effective properties. Some of the critically missing quantitative information include: (i) elastic-
plastic responses of the individual constituent phases (crystalline and glass phases), and (ii) their 
variation with changes in chemistry and process history and its influence on the bulk mechanical 
response.  
5.2. Materials and Experimental Procedure 
The materials evaluated in this work were produced in the Division of Materials 
Development and Manufacturing Technology at the NASA JPL (Jet Propulsion Laboratory).  The 
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DVx BMG-MCs alloys are based on Ti-Zr-V-Cu-Be system and made by arc melting followed by 
suction casting process. The process involved melting constituent elements in a water-cooled 
copper bowl and rapid solidification by termination of the arc. The cooling rate in this process is 
about 500° /s leading to formation of amorphous and crystalline regions. Three different Ti-based 
BMG-MC alloys were selected with following compositions: DV2 (Ti44Zr28V12Cu5Be19), DV1 
(Ti48Zr20V12Cu5Be15), and DV4 (Ti62Zr18V10 Cu4Be9). The DV0 sample has a composition of 
Ti29.5Zr28V5.8Cu9Be27.7. The glass content in the composites is the highest in the DV2 and lowest in 
the DV4 composite. The DV0 sample has 100% glass content. (cf. [274]). The differences in the 
composition of these alloys resulted in different volume fractions of glass phase in the composite. 
Careful considerations are taken in the sample preparation to avoid possible damages 
introduced during the preparation. Samples were cut using wire EDM technique to minimize 
damage layer on the sample surface to few microns which can be easily removed by progressively 
grinding (1200, 2400 and 4000 grit) with SiC papers and polishing with diamond suspension (3, 
and 1 µm) followed by vibro-polishing in the mixture of colloidal silica (0.06 µm) and Hydrogen 
peroxide slurry for 48 hrs. 
Nano- and micro-indentation experiments were conducted with customized Zwick-Roell 
Z2.5 hardness tester and G200 Agilent systems respectively. The indenter tips used are a diamond 
conical tip with radius of 1 µm and a tungsten-carbide spherical tip with a 500 µm radius. Tests 
were performed with a constant strain rate (loading rate divided by the load) of 0.05 s−1 to 
maximum depths of 300 nm. CSM was run at a displacement amplitude and oscillation of 2 nm 
and 45 Hz, respectively. The corresponding length scales of the indentation probed volume are 0.03 
mm3 and 0.04 μm3, for the two tips used in this study.  A minimum of 20 microindentation tests 
were performed at randomly selected locations on the surface of each sample coupon. In addition, 
a minimum of 15 nanoindentation tests were carefully placed on each individual phase in all 
samples. Imprints of all tests were imaged by SEM to aid in further interpretation of results.  
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5.3. Multi length-scale mechanical measurements of composite materials: Application to Ti-
based bulk metallic glass matrix composites (Ti BMG-MC) 
The microstructures of the studied alloys were investigated using a Tescan Mira XMH FE-
SEM. Figure 5.1(a-d) shows small BSE (backscattered electron) images of DV0, DV2, DV1, and 
DV4 samples respectively. The DV0 sample is a monolithic bulk metallic glass one with no 
evidence of existence of any other phase, while the other alloys consist of two phases; bright phase 
(amorphous) and dark phase (crystalline). The DV2 samples contain only ~30% crystalline 
dendrites while other two have more, ~47% in DV1 and ~60% in DV4 (based on the values reported  




Figure 5.1: BSE images of the microstructure of the bulk metallic glass (DV0) and other three bulk metallic 
glass matrix composites (DV2, DV1, and DV4) with different volume fractions of crystalline phase. 
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As it is evident in Figure 5.1 images, the amorphous phase contains heavier elements as it 
appears brighter in BSE mode. Details of distribution of elements in both phases was investigated 
by Energy Dispersive Spectroscopy (EDS) for all alloys using a Hitachi SU-8230 SEM with Oxford 
EDS detector with X-Max detector and SATW window. The elemental distribution maps long with 
their corresponding BSE images are presented in Figure 5.2. During the process of solidification, 
the Zr, Cu and Be elements segregate from nucleated crystalline dendrite and push out to form the 
amorphous phase. On the other side, the crystalline phase contains more of titanium and vanadium 
in all alloys. Despite segregation of elements between two phases, no gradient of composition is 
observed within each phase. Consequently, we can represent this microstructure using only two 
local states (glass and amorphous) as described in Section 5.4. 
 
 
Figure 5.2: The element distribution maps from EDS analysis for Ti, Zr, V, and Cu 
 
The mechanical properties of these materials have been investigated using uniaxial tensile 
tests in the work published by Hofmann [274]. The results are presented in the Figure 5.3 and as 
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one can see the tensile strength of the metallic glass composite are enhanced up to 1.6 GPa which 
is a big improvement compared to the Grade 5 Ti-6Al-4V and Grade 2 commercially pure titanium. 
These new alloys also present very comparable fracture toughness to Ti64 alloy. A summary of the 
measured mechanical properties from that study is presented in Table 5-1. The importance of the 
strength and toughness enhancement becomes more prominent when the density of the newly 
developed alloy are measured and considered. The density measurements are made using 
Archimedes method by measuring weight of the sample before and after submerging in water. It is 
defined by the following equation: 




The test were performed 4-5 times and average values are reported for each alloy in the 
Table 5-1. As evident in the density measurements, the density of the new alloys are similar to CP-




Figure 5.3: Tensile properties (A) and microstructure of the newly developed Ti-based metallic glass composites 
(E) and the SEM images of the necking region for the tested materials (D). The results are compared with tensile 








Table 5-1: Comparison between mechanical properties and density of the Ti-Based BMG-MCs and CP-Ti and 
Ti64 alloys (* data from [275]) 
 
 
As discussed earlier, several fiducial markers are placed on the sample in square grid 
format in order to locate the indentation sites in the center of each square. The fiducials are placed 
at 600 μm distance to assure they don’t affect the indentation measurements (Figure 5.4). Then the 
microindentation tests were carefully performed in the center of the square grid (highlighted in 
yellow in the figure).  
The tests were conducted with a tungsten-carbide spherical tip with a 500 µm radius. The 
initial elastic loading regime was identified using the method explained in Section 2.4 (see Figure 
2.11). The initial loading, load increments, and number of unloading cycles were set to be 10 N, 5 
N, and 20. An example of microindentation load-displacement curve is presented in Figure 5.5. 
The data corresponds to DV1 sample. The elastic modulus of the sample was estimated from the 
initial elastic loading segment highlighted in red in Figure 5.5(a) using Equation (2.26), and then 
indentation stress and indentation strain were calculated for each unloading segment. The estimated 
elastic modulus value for this example test was 87 GPa. The indentation yield strength was 
estimated to be 2.59 GPa (using a 0.2% strain offset). In addition, the slope of a line fitted to the 















DV0 Ti29.5Zr28V5.8Cu9Be27.7 Ti27.7Zr50.2V5.8Cu11.3Be4.9 100 0 5.320 ± 0.0004 NA -
DV2 Ti44Zr28V12Cu5Be19 Ti41.9Zr36.3V12.1Cu6.3Be3.4 70 30 5.310 ± 0.0004 1597 -
DV1 Ti48Zr20V12Cu5Be15 Ti44Zr35.2V11.8Cu6.1Be2.6 53 47 5.194 ± 0.0007 1362 43.8
DV4 Ti62Zr18V10 Cu4Be9 Ti57.3Zr26.4V9.8 Cu4.9Be1.6 40 60 4.993 ± 0.0002 1086 61.6
Ti64* Ti86.1Al10.3V3.6
Ti90Al6V4 (Grade 5, annealed-
STA))
NA NA 4.43 950-
1170
75-43
CP-Ti* Ti100 Ti100 (Grade 2) NA NA 4.51 66 380
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indentation initial work hardening rate (42.5 GPa for this example). Several microindentation (20-
25) tests were done on random locations on the surface of each sample coupon. The results for all 
indentation stress-strain responses for all four samples are shown in Figure 5.6. 
 
 
Figure 5.4: Example of setting up a site for an indentation before performing the test to collect image of the 
indented area as big as the indentation zone at yield point. The rest of the image were divided to smaller ones 
with similar dimensions of the one in the center. Orange arrows indicated the location of the fiducial markers. 
 
The extracted indentation elastic modulus, yield strength, and work hardening are 
summarized in the Figure 5.7 and Table 5-2. The elastic modulus increases from 82.79± 3.25 GPa 
(DV4) to 88.17 ± 4.57 GPa (DV1), to 91.41 ± 4.51 GPa (DV2), and to 98.17± 1.70 GPa (DV0), 
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and correlates well with the increasing volume fraction of the glass phase that has higher elastic 
modulus. The same increasing trend is observed in the 0.2% offset indentation yield strengths 
obtained as 2.03 ± 0.07, 2.52 ± 0.27, 3.03 ± 0.24, and 3.51± 0.19 GPa for DV4, DV1, DV2, and 
DV0, respectively.  
 
Figure 5.5: Example of microindentation load-displacement curve and its corresponding indentation stress-







Figure 5.6: Indentation Stress-strain results for multiple microindentation tests on DV0, DV2, DV1, and DV4 
samples. The average values for indentation yield and their variations from multiple tests are highlighted in 
different colors. 
 
Comparing indentation yield strength measurements with tensile yield strength (0.2 % 
offset strain on both cases) on the same materials [274] indicates an consistent scaling factor of 
1.85-1.9 for all tested BMG MCs. A similar scaling factor has been reported in prior experiments 
and simulations on other materials [95, 97]. As it was explained in Section 2.5, the scaling factor 
is attributed to the expected higher hydrostatic stress component in the indentation test compared 
to the simple uniaxial tests. Since it is important to know if the collected microindentation 
measurement can represent the bulk property of the material, the contact area at yield (0.2% offset) 




Table 5-2: Summary of extracted properties from multiple indentation tests from microindentation on DV0, 
DV2, DV1, and DV4 samples 
 
 
The variances reported in Table 5-2 for the different properties carry important 
information. This variance is correlated to the variance in the material state in the indentation 
probed material volume (known as the primary indentation zone) in the multiple tests conducted 
on each sample. As explained in the indentation protocol’s section (Section 2.3.3), the contact 
radius at any of the points on the indentation stress-strain curves can be estimated by Equation 
(2.18). The red grids on Figure 5.4 (approximately 80μm×80μm for the case of DV1 alloy) 
represent an approximate size of indentation zone at yield point. As evident, the indentation zone 
at yield is large enough to include large number of both phases. However, local heterogeneity in 
the microstructure exists at this scale, and as a result sample with highest heterogeneity (DV1) and 
lowest heterogeneity (DV4) are expected to have largest and smallest variation in measured 
indentation yield strength values. The same trend is observed for the measured microindentation 
results. Nevertheless, the average values from multiple tests at different locations represent bulk 
mechanical responses of the studied materials. 
For example, the percentage variance (normalized by the mean) is the highest in the 









(Yind ), 0.2% 
offset, Gpa
Contact 




(H), 0.2-1% offset, 
GPa
Contact 
Diameter at H 
(2a)
DV0 100 98.17± 1.70 3.51 ± 0.19 91.2 ± 6.2 (µm) 35.39 ± 3.17
152.2 ± 6.6 
(µm)
DV2 43.5 ± 4.4 91.41 ± 4.51 3.03 ± 0.24 82.0 ± 7.9 (µm) 36.63 ± 3.11 143.2 ± 7.3 
(µm)
DV1 36.0 ± 1.9 88.17 ± 4.57 2.52 ± 0.27 67.7 ± 11.5 (µm) 37.73 ± 6.13 130.3 ± 8.5 
(µm)
DV4 14.8 ± 1.5 82.79 ± 3.25 2.03 ± 0.07 56.6 ± 1.8 (µm) 41.68 ± 4.54




more sensitive to the distribution of defects in the indentation zone compared to the strength values, 
which in turn are more sensitive compared to the modulus values. It is also observed that DV1 
exhibited higher values of variance compared to the other three samples. This is because the 
microstructure features in this sample show a higher level of heterogeneity (see Figure 5.1).   
 
 
Figure 5.7: Extracted properties (a) indentation elastic modulus, (b) indentation yield strength, (c) indentation 
work hardening form multiple microindentation tests. 
 
Next, we turn our attention to mechanical responses of individual phases using the smaller 
indenter tips. The main challenge in this step is to locate indentation on each phase and assure the 
indentation primary zone will not be affected by the other phase. In order to get the response solely 
from one phase, we identified largest islands of that phase in the microstructure, and performed the 
test in the center of the island. Therefore, it is highly possible that indentation primary zone does 
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not extend to the other phase. Also, we used high resolution SEM images with conjunction of 
optical images to precisely place the indenter tip. Examples of these measurements are presented 
in Figure 5.8 for both crystalline and amorphous phases. The load-displacement curves (Figure 
5.8(a)) show different responses for the glass and the crystalline phases which are depicted in red 
and blue colors respectively. Although the transition from elastic to plastic regimes is not well-
defined from the indentation load-displacement data, it is rather obvious in the indentation stress-
strain curves. In the example curves shown in Figure 5.8(b), the indentation moduli were 
established as 111 and 71 GPa for glass and crystalline phases, respectively. Similar to previous 
chapter, the 0.2% strain offset has been used for defining the indentation yield strength in these 
measurements. In addition, to be consistent with data in microindentation, indentation work 





Figure 5.8: Example nanoindentation tests on crystalline and amorphous regions and their corresponding 
indentation stress-strain curves. 
 
An important observation from the nanoindentation measurements was that the load-
displacement curves measured in the glass phase consistently showed serrations, which are 
attributed to the formation of microscale shear bands. Similar observations were reported in prior 
indentation studies on different metallic glass alloys [276-284]. However, majority of the 
previously reported studies reported hardness values. In the protocols employed in this work, the 
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serrations appear as drops in the indentation stress (see Figure 5.8(b)) allowing a more direct and 
meaningful comparison of the responses from the different samples which will be discussed later 
in this section.  
As one can see in Figure 5.8(b), there is indeed a significant difference in the mechanical 
responses of the crystalline and the glass phases. The difference is also reflected in the residual 
imprints of the indentations in Figure 5.9 (a) and (b) for crystalline and glass phases respectively. 
The indentations in the crystalline phase show slip traces around indentation imprint, while in the 
case of glass phase different features, known as shear bands, appear at the indentation area. From 
the observation, shear bands in the glass phase do not show any preferred directions as there is no 
atomic order in the amorphous phases. It is also evident from Figure 5.9(a) and (9b) that the plastic 
deformation does not expand far away from the indentation imprint for glass phase compared to 
those in the crystalline phase.  
 
Figure 5.9: SEM images of indentation imprints on (a) crystalline phase and (b) glass phase using 1 µm indenter 
size. The indentation imprints are surrounded by slip traces at certain directions in the crystalline phase and 




In order to get statistical assessments on mechanical responses of each individual 
constituent, multiple nanoindentation tests (15-30 tests) were carried out on each phase. The means 
and standard deviations of the measured indentation elastic modulus, indentation yield strength, 
and the indention work hardening for both amorphous and crystalline phases in all alloys are 
summarized in the Table 5-3. In addition, the indentation contact diameter at 0.2% offset strain as 
well as 1% plastic strain are included in the table. 
 
Table 5-3: Extracted indentation properties from 1µm indentation tests on each individual constituent in DV0, 
DV2, DV1, and DV4 alloys 
 
 
The extracted mechanical properties of each phase are compared in Figure 5.10 where the 
indentation data for amorphous and crystalline phases in DV2, DV1, and DV4 alloys are 
normalized with the values measured from the fully glass alloy (DV0). For different compositions, 
the ratios are very similar showing that the composition does not have major influence on the 
mechanical properties of each constituent. These ratios are 0.95-1.05, 0.97-1.09, and 0.99-1.05 for 
indentation elastic modulus, indentation yield strength and indentation work hardening. Another 
way to see the data is by looking at average and standard deviation of all indention results on 
Sample
Indentation 















at H (2a), 
nm
Indentation 
Stress at First 
Pop-in, GPa
DV0 -Amorphous 106.8 ± 4.2 3.09 ± 0.30 217.9 ± 58.8 73.81 ± 9.09 298.7 ± 74.9 5.94 ± 0.70
DV2 - Amorphous 101.95 ± 4.19 3.01 ± 0.43 160.1 ± 24.9 73.654 ± 9.64 240.5 ± 37.9 5.74 ± 1.05
DV2 - Crystalline 70.51 ± 2.87 1.18 ± 0.24 157.0 ± 39.1 39.50 ± 4.87 243.2 ± 55.7 -
DV1 - Amorphous 112.11 ± 6.33 3.40 ± 0.28 129.6 ± 16.4 75.14 ± 11.71 169.8 ± 17.9 6.57 ± 1.36
DV1 - Crystalline 69.09 ± 4.27 1.05 ± 0.18 137.4 ± 44.9 37.80 ± 7.03 206.1 ± 51.5 -
DV4 - Amorphous 113.22 ± 5.91 3.24 ± 0.32 136.4 ± 14.9 77.88 ± 10.7 201.9 ± 24.1 7.67 ± 1.17
DV4 - Crystalline 73.75 ± 4.26 1.15 ± 0.24 118.7 ± 52.7 47.16 ± 5.4 225.8 ± 75.6 -
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crystalline and amorphous phases separately. The statistics are 107.26 ± 6.48 GPa, 3.14 ± 0.37 GPa, 
74.66 ± 9.93 GPa for indentation elastic modulus, indentation yield strength and indentation work 
hardening of amorphous phase altogether. Similarly, the corresponding values are 71.02 ± 4.06 
GPa, 1.14 ± 0.23 GPa, 41.17 ± 6.77 GPa for all nanoindentation tests on crystalline phase. Small 
standard deviation (less than 10% of mean values) indicates that the local composition does not 
have significant influence on the mechanical response of each constituent. On the other hand, the 
atomic arrangements seem to have large impact on the mechanical responses. For the glass phase, 
the indentation elastic modulus, indentation yield strength and indentation work hardening are 
about 1.51, 2.75, 1.81 are higher than corresponding properties in crystalline phase. The higher 
yield strength of amorphous phase compared to crystalline one is because of the absence of defects 
that exist in crystalline materials, such as dislocations and grain boundaries. However, unexpected 
higher indentation work hardening values in glass phase compared to crystalline one should be 
related to the deformation mechanisms in amorphous phase at the early stage of deformation which 









Figure 5.10: Indentation modulus, indentation yield strength, and indentation work hardening from crystalline  
and amorphous phases in BMG MCs (DV2, DV1, and DV4) normalized by the similar properties from BMG 
alloy (DV0).  
 
In order to see how individual phase properties contributes in overall bulk properties, the 
indentation measurements for both indenter tip sizes are plotted together for all four compositions 
in Figure 5.11(a-d). In each plot, nanoindentation tests on glass phase (red), and on crystalline phase 
(blue) are plotted with all microindentation tests (black) on the same alloy. To assist reading the 
plot, the average and standard deviation of the indentation yield strength for each phase and the 




Figure 5.11: Comparison mechanical responses of individual crystalline and amorphous phases from 
nanoindentation with mechanical bulk responses from microindentation 
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From this figure two observation can be highlighted, 1) increasing volume fraction of 
amorphous phase increases the bulk strength of the material. From DV4 which contains ~15% glass 
phase to DV0 with ~100% glass phase the bulk indentation yield strength increases from 2.03 ±0.07 
GPa to 3.51 ± 0.19 GPA. The corresponding black curves remain between nanoindentation curves 
of glass and crystalline phase. The higher glass content the closer the black curves to the red ones. 
2) In fully glass sample, DV0, indentation curves from 1 and 500 µm tip radius are very similar but 
the average indentation yield strength from microindentation are ~10% higher than the average 
values form nanoindentation which can indicate a size effect phenomenon. This will be discussed 
later when the deformation mechanism in amorphous phase is described. 
The BCC crystal structure has been studied in the past for different material systems, and 
deformation mechanism is well known. Since the past study shows small anisotropy in BCC crystal 
system, no attempts were made to evaluate orientation anisotropy in the crystalline regions. 
However, we tried to conduct indentation tests on several locations on the sample with minimum 
distance of few millimeters to assure indentation results are from different and random orientations 
of crystalline phase. 
 Hence, our focus in this part is on glass phase to provide detailed insight on the 
deformation mechanism in amorphous materials. Since amorphous materials lack long-range 
atomic orders, the common slip system mechanism in crystalline material is not applicable. Instead, 
the glass phase is expected to deform plastically by local rearrangement of atoms to accommodate 
shear strain. Two potential models have been laid out to facilitate this shear strain: shear 
transformation zone (STZ) [260, 285-287] and free-volume model [260, 279, 288]. The STZ 
assumes an inelastic shear distortion in the matrix by sudden movement of a group of atoms from 
one minimum low energy configuration to another one. The free-volume model is based on discrete 
jumps of atoms into the sites with high free volume. In both cases, the metallic glass deformation 
is influenced by the local distribution of free-volume, the higher free-volume in the glass structure, 
the easier accommodation of local shear strain [254, 276, 285, 289, 290]. More details of these two 
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models have been discussed widely in literature [254, 261, 262, 267, 268, 276, 286, 287, 291-296]. 
As a result of these deformation mechanism, microscale local deformation known as shear bands 
are observed in metallic glasses which attributes to decrease of local viscosity. Summarizing these 
mechanisms as a) flow dilation which results in local formation of free volume, b) shear 
transformation zone (STZ) which changes local structural atomic order, and distribution of internal 
stress, and c) local heating.  
Several prior studies have reported nanoindentation measurements on metallic glass and 
analyzed the serrations in the load displacement curves to estimate the size and the activation 
energy of STZs [254, 276, 297]. Most of these studies employed a sharp Berkovich tip. 
Consequently, one should expect plasticity to initiate locally, immediately after contact. However, 
in most previously reported studies [276], the first observable serration (also called pop-in) is 
assumed to correspond to the initiation of plasticity in the form of microscale shear bands. This 
assumption seems to be widely adopted by the community on all length scales without any 
supporting evidence.  
The protocols employed in the present study allow rigorous analyses of the indentation 
measurements. As is already clear, the use of a spherical indenter allows us to extract a clear elastic 
regime in the indentation stress-strain curve, which then follows with a clear transition to the plastic 
regime. However, our measurements indicate clearly that the plastic flow initiates in the sample 
well before the start of the serrations. Employing a criterion of a minimum 1 nm displacement burst 
as an indicator of shear band formation, we identified individually all the pop-ins (i.e., serrations; 
see Figure 5.12 (a)) and recorded the corresponding indentation stress value (see Figure 5.12(b)). 
Three observations can be seen from the indentation stress-strain plots in the glass phase: (i) the 
first pop-in with 1 nm size criterion appears to form at a stress level much higher than the yield 
strength, (ii) plastic deformation after yield is accompanied with a significant amount of strain 
hardening, and c) pop-ins occur extensively after the first one suggesting that this is now the main 
mechanism of plastic deformation and dramatically reduces the strain hardening rates. It is 
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emphasized that the first two observations contradict directly the prevailing assumptions in 
literature. 
 
Figure 5.12: Example indentation load-displacement curve (a) from amorphous phase and its corresponding 
indentation stress-strain plot (b). The displacement burst larger than 1nm are considered as pop-ins in this 
study. The Red dots represent individual pop-in events throughout the indentation test both in load-
displacement and indentation stress-strain plots.  
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Statistical analyses of the shear banding events provide a deeper understanding of the 
measurements. For this purpose, a total of 7800 pop-in events was investigated in this study. 
Following analyses protocols used in current literature, the size of the displacement burst (referred 
as pop-in length) for all shear band events were plotted with respect to the pop-in load for all four 
tested materials in Figure 5.13 (a-d). There is no clear correlation in these plots, suggesting that the 
pop-in event is completely stochastic and can happen at any indentation load level. However, when 
the pop-in statistics are analyzed in the form of indentation stresses, the correlations hidden in the 
raw data are revealed (see Figure 5.13(e-h)). Note that no pop-in has been observed below 4 GPa 
over the very large number of pop-ins analyzed. The average indentation yield strength for each of 
the four samples is plotted as a dashed line (located on the left side of the pop-in data points) with 
the shaded region identifying one standard deviation. In the same plots, the average indentation 
stress at which the first pop-in occurs is plotted as solid lines, with the shaded regions depicting 
one standard deviation again.  These results prove clearly that the observation of indentation pop-
in is not an indicator of yield in amorphous material. In another word, contrary to what has been 
widely accepted in current literature, shear band formation does not correspond to the onset of 
plastic deformation in the glass phase in these samples. 
As one can see in the Figure 5.13 (g and h), the indentation stress for pop-in events spreads 
to higher indentation stress levels. In other words, the indentation stress-strain curves for these 
samples were not showing a plateau, and the indentation stress increases as indentation progresses. 
Even though, we tried to perform indentation on the center of glass islands to assure the glass phase 
extents far enough underneath, the possibility of being influenced by the neighboring crystalline 
phase and its interface is more likely in the case of DV1 and DV4 samples where smaller volume 




Figure 5.13: The length of the pop-in events occurred during indentation tests respect to their corresponding 
indentation load (a-d) and indentation stress (e-h). The vertical dashed lines represent the average indentation 
yield strength with shaded surroundings as one standard deviation. The vertical solid lines represent the average 




The other way of presenting pop-in data is by calculating the cumulative distribution 
function (CDF) for the pop-in stress and normalized stress (by the indentation yield strength) are 
presented in Figure 5.14 (a and b) for all 7800 pop-in events. For the purpose of better illustration, 
the plots were diluted to show only 5% of the data points. It is seen the distributions of pop-in stress 
for DV0 and DV2 (high glass volume fraction samples) are very similar to each other, as are the 
distributions for samples DV1 and DV4 (low glass volume fraction samples).  
 




Indentation stress-strain plots presented here provide deeper insights into the plastic 
deformation mechanisms in amorphous materials. As described earlier, the plastic deformation of 
amorphous materials depends on the characteristics (such as amount and spatial distribution) of 
free volume. The free volume continuously evolves during the imposed loading. In the initial 
loading in the elastic regime, one does not expect significant changes in the free volume, resulting 
in the linear response. As higher stresses are applied, the shear stress on the atoms forces them to 
find “close” lower energy morphological configurations (this might include filling any available 
neighboring vacancies). However, the shear field is not sufficient to result in massive movement 
of atoms to form shear transformation zone (STZ).  At this stage of the deformation, discrete jumps 
of individual atom into the sites with high free volume is more likely and results in decreasing free 
volume. Continuing increase in load, more free volume annihilates and makes a small possibility 
for atoms to find a free volume in their neighborhood thus high work hardening is expected. 
Another possible mechanism for observed strain hardening is formation of local nano-crystalline 
phase during loading [263, 269, 271, 298, 299]. This observation is more significant in 
nanoindentation where very small volume of material is probed. The effects of the discrete atomic 
jumps into free volume is very negligible in the material volume undergoing deformation in 
uniaxial testing therefore it is not surprising not seeing the strain hardening on large scale testing. 
In contrary, the probe materials in indentation is much smaller and therefore effect of the discrete 
atomic jumps becomes more significant in the indentation response. This response has been never 
observed on previous indentation studies because of high level of plastic deformation and lack of 
a robust detecting protocol in finding effective surface contact. 
At a stress threshold where the rate of formation of free volume exceeds the annihilation 
rate, extensive free volumes form in the matrix and results in shear band formation where local 
rearrangements of groups of atoms take place to accommodate shear strain. As a result, STZs are 
activated in the volume of probed material under indenter and thus causes stress relaxation that 
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appears as stress drops on stress-strain curves. Any time that rise in stress reaches the threshold 
again, more STZs form and result in successive shear band formations. This process causes a 
plateau in the stress-strain plot (almost zero work hardening).  
 
5.4. Establishing process-structure-property linkages in multiphase metals: Application to 
BMG MCs 
Similar to previous study on DP steel, in this section we explore the application of the high 
throughput indentation testing and microstructure quantification (2-point statistics and the PCA 
analysis) to establish PSP linkages for BMG MCs materials. As shown in previous section, 
microindentation tests deliver bulk response of the Ti-based BMG-MC system form very small 
volume of material and in a high throughput fashion. Another obstacle in development of bulk 
metallic glass composite is utilizing outdated standards in quantifying the microstructure despite 
availability of advanced tools in collecting and quantifying microstructure. In all current protocols, 
simple measures of the microstructure such as averaged elemental composition, volume fraction of 
glass phase, dendrite size and spacing are used. The most common approach in quantifying cast 
structure is measuring interdendritic space [300-305]. However, this simple descriptor is 
inadequate in quantifying the very complex microstructure of cast samples. In contrary, as 
discussed in Section 3.2, techniques such as 2-point correlations provide full description of a 
microstructure and can capture all salient features. 
In selecting a microstructure characterization technique, we need to consider two criteria: 
(i) ability to capture important microstructural features at desired spatial resolution, and (ii) ability 
to collect data in the shortest possible time (i.e., high throughput). Considering dimensions of 
features in Figure 5.1 and uniform distributions of the elements in both crystalline and glass phases 
(see Figure 5.2), we decided to use the backscattered electron (BSE) signal in SEM in order to 
establish a reliable PSP linkages. Therefore, selecting glass and crystalline phases as two local 
states is the logical choice since they carry all microstructural attributes required to produce 
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reduced-order linkages between the microstructure and the local properties. Similar to the 
discussion in case of the DP-steel, including the lattice orientations of the crystalline regions as a 
local state variable will result in dramatic increase in computational cost in microstructure 
quantification. The main reason that lattice orientations of crystalline phase are not considered in 
the 2-point statistics calculation is because of the fact that cast samples does not have 
crystallographic textures and in addition, no further plastic deformations were applied that make 
the contribution of crystal orientation necessary. 
As evident in SEM images shown in Figure 5.1, a high contrast exists between crystalline 
and glass phases because of segregation of heavier elements into glass phase. The contrast between 
glass and crystalline regions in BSE images are high enough that a simple thresholding results in a 
very good segmentation shown in Figure 5.15 (d-f). Since in this section we are establishing PSP 
linkages by using microindentation results, the dimensions of the image correspond to the estimated 
indentation contact diameter at the yield point reported in the Table 5-2. As mentioned and 
explained in previous section, images are collected from much larger area around the indentation 
sites. The images from the indentation sites (highlighted in yellow in Figure 5.4) and the 
corresponding indentation yield strength will be used for establishing PSP linkages. However, the 
rest of the surrounding area was divided into many images with same dimensions as the one in 
center. These images are also segmented and analyzed by 2-point statistics. Using this approach, 
the short and long- distance variation in the microstructure will be considered in the calculation and 
as a result the bases of the final PC space are less sensitive to adding a new micrograph from these 
alloys. 
Figure 5.15(a-c) shows examples of BSE images of DV2, DV1, and DV4 alloys with their 
corresponding images after segmentation (as described above, each voxel in the microstructure is 
assigned to one of two local states: crystalline (colored as black) and glass (colored as yellow) 
shown in Figure 5.15 (d-f). After segmentation, we employed the framework of 2-point statistics 
on each image. The corresponding computed 2-point statistic of the example images are presented 
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in Figure 5.15 (g-i) as autocorrelation of crystalline phase (colored black). These 2-point correlation 
maps contain a large amount of morphological information of each phase that are hidden in the 
dataset. This information can be analyzed to extract distribution parameters such as volume 
fraction, size, and spacing. For example, the peak value at the center of the autocorrelation maps is 
the volume fraction of the crystalline phase in that micrograph. As it can be seen the volume fraction 
of crystalline phase is 52, 64, and 85% for DV2, DV1, and DV4 alloy respectively. In addition, 
more details about the shape and morphology of the crystalline phase can be found in the contours 





Figure 5.15: Example BSE-SEM images from the sample DV2, DV1, and DV4 (a-c), the corresponding 
segmented images with crystalline phase colored in black and glass phase colored in yellow (d-f).  Corresponding 
computed 2-poin autocorrelation of black regions (g-i). 
 
As demonstrated before, the computed 2-pint statistics results in a very large vector of 
descriptors for each microstructure (considering the size of 1170×1170 pixels for an image with 
dimensions of 80 µm×80µm). For the present case study, with the procedure described, a total 
number of 3,594 images are considered in our analysis for the alloy DV2, DV1, and DV4. After 2-
point statistics were calculated on all images, the PCA was performed to sort microstructure 
features from high to low contribution in the microstructure variation.  
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Figure 5.16 shows all the 3,594 microstructures in this study in the reduced dimensionality 
space for the first three PC scores, PC1, PC2, PC3. As it can be seen in this figure, each class of 
DV alloys are separated in different clusters while conventional approaches based on volume 
fraction fail to distinguish these differences (see Figure 5.17). Indeed, there exists variance in each 
class. In this plot, the closer two points to each other, the more similar microstructure they have. 
Furthermore, as one should expect from PC analysis, the PC1 has the highest variance and then the 
PC2 has the second highest variance, and the variance decreases for higher PC scores. Also, one 
should note that we defined the fully amorphous sample (DV0) as the origin of the PC space. 
Therefore, generally it is true that a point (a microstructure) located further from the origin contains 
more crystalline phase.  
 
 
Figure 5.16: Low-dimensional representation of the entire 3,594 micrographs obtained from PCA, colored by 




Figure 5.17: Volume fraction distribution for all 3,594 micrographs from DV4, DV1, and DV2 alloys showing 
poor separation between two last classes.  
 
After dimensionality reduction by PC analysis, about 99.9% of the variance between all 
the different microstructures used in this study can be captured by first 5 PCs. Our next step is to 
build the PSP linkages based on the low dimensional structure representation. For this case study, 
the processing parameters are taken as the initial compositions. Therefore, the at% of Zr, V, Cu, 





Figure 5.18: The individual and cumulative variances from the PCA for the first 5 principal components shows 
that PC1 and PC2 carry 98% of the total variance in the dataset. 
 
To establish the process-structure linkages, we need processing parameters as inputs and 
then using least squares regression and cross-validation techniques to make prediction of the PC 
scores. In this study, the processing parameters are the atomic percentage of four alloying elements; 
zirconium (Zr), vanadium (V), copper (Cu) and beryllium (Be) elements. Since only the overall 
composition of each sample is collected, not the local composition within each image, the linkages 
must be established on the average value of the property and the ensemble average of the 
microstructure for each class of alloy. The number of provided samples are 3 while the number of 
predictors in the linkage is 4 (4 alloying elements), therefore there is a rank deficiency problem. 
Even if we try making the linkage because of this problem, the linkage will remain only 
mathematical equations with no accuracy and reliability. The only way to overcome this problem 
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is by having more sample composition or collecting individual EDS map for all 3,594 small images 
in this work. Similar process can be used in stablishing a structure-property linkage. The predicted 
property can be expressed as following linkage whose accuracy is presented in a parity plot in 
Figure 5.19.  
 
𝜎𝜎𝑌𝑌𝑖𝑖𝑖𝑖𝑑𝑑 = 2747.216 − 1.134(𝑃𝑃𝐶𝐶1)− 166.959(𝑃𝑃𝐶𝐶2)
− 1.985(𝑃𝑃𝐶𝐶1)(𝑃𝑃𝐶𝐶2) + 0.0246(𝑃𝑃𝐶𝐶1)2
+ 14.236(𝑃𝑃𝐶𝐶2)2 + 0.009(𝑃𝑃𝐶𝐶1)2(𝑃𝑃𝐶𝐶2)





Figure 5.19: The accuracy of the structure–property linkage established in this work using data science 
approaches showing the measured and predicted indentation yield strength for different classes of the studied 




The reader should note that the presented models here are data-driven. When new 
processing parameters are considered that results in very different microstructures, another PC 
analyses may need to be performed to update the new coordinate frame bases. Once sufficient 
numbers of data points from different processing parameters and different microstructures are 
considered in the analysis, the bases of the PC space will remain insensitive to new data points.  
5.5. Summary 
This chapter presents multi-length scale mechanical characterization of the newly 
developed Ti-Based BMG MCs alloys in a high throughput fashion. We have demonstrated the 
application of spherical indentation protocols in conjunction with 2-point statistics and PCA 
analysis protocol in establishing the process-structure-property linkages in this class of two phase 
materials. In addition, small length scale measurements were conducted by means of 
nanoindentation instrument on each individual constituent, amorphous and crystalline, phases in 
these alloys. This current work is indeed the first study of its kind that obtains statistically 
significant data at multi-length scales on actual structural composite alloys from very small coupons 
of material and with minimum amount of preparation time which tackle the costly process of 
statistical evaluation of the mechanical response for a new material. 
The length scale study presented in this chapter provides new insight into plastic 
deformation of amorphous materials, while also providing enriched datasets for design, 
development, and deployment of BMG-MC alloys. Unlike other studies that employed expensive 
protocols, we have conducted large numbers of indentation experiments and utilized indentation 
stress-strain protocol to extract indentation stress at yield as well as pop-in events. Using this 
approach, we observed that the amorphous materials show very high hardening rate after yielding 
up to the first pop-in event. In addition, we found out that the first pop-in (using 1nm size criterion 
on displacement burst) appears to form at stress levels of about 1.8-2.1 times higher than the yield 
139 
 
strength. Pop-ins occur extensively after the first one suggesting that this is now the main 
mechanism of plastic deformation and dramatically reduces the strain hardening rates.  
In addition to length scale effect, we have shown in this chapter that the spherical 
microindentation is a reliable high throughput tool for probing the changes in the bulk mechanical 
responses of Ti-based BMG MCs that is consistent with results from expensive conventional tensile 
test protocols. The application of microstructure quantification (2-point correlations and PC 
analysis) in conjunction with bulk mechanical responses from the high throughput 
microindentation protocol, provides a rigorous framework in establishing PSP linkages for Ti-
Based BMG MCs. This framework in this chapter is extensible for a variety of other composite 
material systems.  
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Chapter 6 Conclusions  
The case studies in the previous two chapters point mainly to the tremendous potential for 
developing and implementing high throughput assays in the exploration of PSP linkages in 
structural alloys. It is fully acknowledged that the term “high throughput” is being used here to 
signify the acceleration when compared to conventional approaches. We now review the main 
elements of the envisioned high throughput assays, and identify specific opportunities for future 
development. 
One of the key elements of the high throughput assays described in the paper is in the use 
of instrumented indentation techniques for local measurements of mechanical response and their 
expression as normalized stress-strain curves. Indeed, the expression of the local mechanical 
response in the form of stress-strain curves is critically important for ensuring reliability and 
reproducibility of the measurements. Furthermore, the ability to conduct a large number of these 
tests at different length scales (by simply changing the indenter tip radius) even in a single sample, 
is clearly of major significance to multiscale modeling efforts. At the present time, this is the most 
practical approach for producing the large amount of experimental observations needed to calibrate 
the numerous parameters in multiscale modeling efforts [92, 93, 98].  However, in order to realize 
its full potential, additional work is needed in automation of this technique across all length scales 
of interest.  As mentioned earlier, the experimental protocols are already fairly automated for the 
indentations conducted at the very small length scales. However, the experimental protocols for the 
indentations conducted at the larger length scales (indentation zone sizes covering multiple grains) 
are yet to be automated. The indentation stress-strain analyses protocols used in this work have 
been coded and are being prepared for broad dissemination as an open source software. While this 
software speeds up the analyses significantly, it still needs further development and automation. 
One other significant benefit of the indentation protocols is that they allow for parallelization. 
Indeed, several of the commercial vendors for instrumented indenters are currently exploring 
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concepts that allow for simultaneous indentation measurements on a grid (using multiple indenters 
simultaneously). Success in one or more of the concepts mentioned above will contribute 
significantly to the further development of the high throughput assays presented in this work.  
A second key element of the high throughput assays described here is in the use of the 
emerging data science techniques for formulating the reduced-order PSP linkages. The efficacy is 
derived from the ability to template the workflows in ways that they can be applied to a broad range 
of material systems over a multitude of length/structure scales [68, 158, 306-309]. However, the 
use of a common template does not imply lack of flexibility. On the contrary, the modular approach 
comprising a specific sequence of steps involving a (i) digital representation of the microstructure, 
(ii) evaluation of microstructure statistics, (iii) low dimensional representation of the 
microstructure, and (iv) extraction of a reduced-order model allows for the development of highly 
efficient (high performance) computer codes leading to a systematic evaluation and objective 
identification of the best protocols. This is because the modern data science approaches allow one 
to establish a large number of possible workflow pipelines (utilizing the best available codes), push 
a large amount of data through these pipelines in parallelized efforts, and disseminate the findings 
in open source and open access repositories. As examples, in the case study presented in this work, 
one could evaluate a series of other choices for the digital representation of the microstructure (e.g., 
use other measures of local lattice misorientation or even the full information of the lattice 
orientation in the local state descriptors employed, use information gathered by other microscopy 
techniques), microstructure statistics (e.g., use chord-length distributions [310] instead of 2-point 
statistics), low dimensional representations (e.g., factor analysis [311], projection pursuit [312], 
independent component analysis [313]), and machine learning approaches (e.g., M5 model trees 
[314], support vector machines [315]). A further complicating factor in arriving at the most robust 
and reliable PSP linkages comes from the fact that the models produced in this approach are, to a 
significant extent, dependent on how much data is available (this is why these have been referred 
as data-driven throughout this paper). In other words, one should expect the best protocols and the 
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models to change as more data is added to the analyses (one can hope that the models stabilize after 
a critical amount of data has been employed – but in the interim one can still use the best available 
models at any time). Because of the very large number of choices one faces as well the significant 
cross-disciplinary expertise required for such a systematic evaluation, it is necessary to transition 
this pursuit from individuals, or even small groups of individuals, to a community-level curation 
effort.  The data science workflows of the type presented in this work can lead this important 
transformation, and really accelerate the collection and curation of the PSP linkages for a broad 
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